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ABSTRACT 


This  thesis  concerns  the  structure  and  character!' zati on  of  the  gap 
junctions  in  mouse  liver.  In  most  eukaryotic  organized  tissues  in 
animals,  the  cell  surface  is  differentiated  at  the  intercellular  con¬ 
tacts  (gap  junctions)  to  provide  communicating  channels  which  regulate 
the  passage  of  metabol i cal ly  important  ions  and  small  molecules  between 
the  apposing  cells.  This  mode  of  cell-to-cell  communication  has 
important  implications  in  the  regulation  of  cell-growth,  development 
and  differentiation.  The  polypeptide  composition  of  the  gap  junctions 
is  as  yet  uncertain  because  investigations  of  the  polypeptides  are 
complicated  by  the  endogenous  and  exogenous  proteolysis  and  a  marked 
propensity  of  the  gap-junctional  polypepti de (s )  to  aggregate  in  the 
presence  of  sodi um-dodecyl  sulphate  (SOS).  This  has  resulted  in  the 
apparent  heterogeneity  in  the  reported  polypeptide  composition. 
Furthermore,  the  gap  junctions  isolated  by  the  conventional  methods 
usually  display  a  high  degree  of  mosaicity  and/or  short-range  disorder 
which  has  been  restrictive  in  the  resolutions  attained  in  the 
structural  studies  thus  far  (up  to  approximately  1.8  nm). 

Therefore,  a  new  method  that  aims  at  minimizing  proteolysis  has 
been  developed  to  isolate  the  gap  junctions  from  mouse  liver.  This 
method  employs  the  solubilization  of  the  plasma  membranes  by  an  anionic 
detergent,  n-dodecanoyl  sarcosine  in  combination  with  non-ionic  poly¬ 
oxyethylene  alcohol  detergents  (Brij  35  and  Brij  58)  and  a  polyoxyethy¬ 
lene  ether  detergent  (W-l).  Purified  gap  junctions  have  been  isolated 
by  centrifugation  in  a  sucrose  gradient  containing  1-0-n-octyl -  9 -(D) 
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gl ucopy ranosi de.  The  polypeptide  composition  of  these  junctions  has 
been  resolved  by  sodium  dodecyl  sulphate  polyacrylamide  gel  (SDS-PAGE) 
el ectrophoresi s ,  which  reveals  a  single  major  component  of  26,000  Mr. 
The  purified  gap  junctions  are  in  the  form  of  plaques  of  various  shapes 
and  sizes  with  lateral  dimensions  as  large  as  approximately  1  yim. 
Character!' zati on  of  these  junctions  by  electron  microscopy  (involving 
optical  diffraction  analysis  of  the  micrographs  of  negatively  stained 
specimen)  and  X-ray  diffraction  has  unravelled  the  presence  of  an  hexa¬ 
gonal  lattice  of  connexons  with  the  lattice  constant  of  approxi mately 
7. 6-8. 4  nm. 

Since  the  gap  junctional  coupling  is  quite  susceptible  to 
perturbati ons  in  the  i ntracel  1  ul ar  milieu,  it  has  been  suggested  that 
the  isolation  procedures  uncouple  the  gap  junctions  and  induce  the 
connexons  to  pack  tightly  in  two-dimensional  hexagonal  arrays.  There¬ 
fore,  in  the  present  work  in  situ  substructure  of  connexons  (in  mouse 
liver)  has  been  resolved  by  employing  rapid  freezing  (which  bypasses 
cryoprotecti on  and  chemical  fixation),  freeze-etching  and  rotary 
shadowing,  in  conjunction  with  Markham's  rotational  integration  tech¬ 
nique  for  contrast  enhancement.  Some  connexons  appear  to  have  six  sub¬ 
units  enclosing  a  central  depression  which  corresponds  to  the  putative 
aqueous  channel  while  the  rest  reveal  less  than  six  subunits.  Visuali¬ 
zation  of  less  than  six  subunits  may  be  due  to  local  variations  in  the 
angle  of  shadowing  because  of  an  uneven  plane  of  fracturing  and/or 
plastic  deformation.  Using  Markham's  rotational  integration  technique, 
models  of  connexons  and  tilting  experiments  with  the  replicas,  it  has 
been  found  that  these  apparent  deviations  from  the  hexameric  symmetry 
could  result  from  the  inclination  of  the  fractured  face  relative  to  the 
plane  of  viewing. 
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In  the  past,  freeze  fracturing  employing  conventional  chemical 
fixation  (with  gl utaral dehyde)  and  cryoprotecti ve  treatment  has  been 
used  extensively  to  characterize  the  structural  changes  in  gap  junc¬ 
tions  induced  upon  uncoupling  treatment.  Since  gl utaral dehyde  is  known 
to  uncouple  the  cells  it  remained  to  be  determined  if  the  glutaralade- 
hyde  fixation  itself  causes  any  structural  change  in  the  gap  junctions. 
Rapid  freezing  (without  prior  cryoprotecti on  and  chemical  fixation)  has 
permitted  the  elaboration  of  structural  alterations  in  gap  junctions. 

Gl utaral dehyde  fixation  reduces  the  average  i nterconnexon  spacing  from 
10+2  nm  in  unfixed  preparations  to  9±2  nm  in  the  fixed  preparati ons . 

The  fixed,  glycerinated  and  conventionally  frozen  preparations  display 
an  average  i nterconnexon  spacing  of  9i2  nm.  In  the  light  of  well-known 
cross-linking  and  denaturing  properties  of  gl utaral dehyde  it  has  been 
suggested  that  fixation  perhaps  results  in  conformational  alterations 
in  the  connexons  leading  to  a  contraction  of  the  gap  junctional  lat¬ 
tice.  Based  upon  these  results,  the  structural  correlates  of  glutaral- 
dehyde  induced  uncoupling  are  presumably  different  from  the  ones  in¬ 
duced  by  functional  uncouplers  such  as  the  free  cytoplasmic  concentra¬ 
tions  of  Ca^+  and/or  H+  ions. 
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1.  INTRODUCTION 


1 . 1  Significance  of  Gap  Junctions  and  Outstanding  Problems 

Gap  junctions  are  commonly  regarded  as  the  plasma  membrane 
specializations  that  provide  low-resistance  hydrophilic  passages 
between  the  apposed  cells  in  organized  tissues  throughout  the  animal 
kingdom  (Gilula,  1979).  These  permeable  junctions  provide  through  the 
large  hydrophilic  intercellular  channels,  a  mechanism  for  the  equili¬ 
bration  of  ions  and  small  cytoplasmic  molecules  in  a  coupled  cell 
ensemble.  By  using  fluorescent  tracers  it  has  been  shown  that  the  gap 
junctions  allow  the  passage  of  ions  and  small  molecules  (up  to  a  molec¬ 
ular  weight  of  approximately  1200)  from  one  cell  to  the  other 
(Loewenstei n ,  1981).  They  mediate  electrical  coupling  in  excitable 
tissues  such  as  the  myocardium  (where  they  are  morphologically 
represented  as  the  intercalated  discs)  and  nervous  system  where  they 
comprise  the  electrotonic  synapses  (Bennett,  1977).  This  mode  of 
direct  cell-to-cell  communication  has  profound  implications  for 
regulating  and  synchronizing  the  cell  activities  in  tissues.  Also,  it 
has  been  suggested  that  the  gap  junctions  may  be  involved  in  regulating 
the  diffusible  i ntercel 1 ul ar  signals  responsible  for  differentiation 
and  controlled  growth  (Crick,  1970;  Loewenstein,  1979  ;  Bennett  et  a  1 . , 
1981;  Wolpert,  1981;  Gierer,  1981).  The  precise  mechanism  of  such  a 
regulation  is  still  unclear.  There  is  also  some  evidence  from  in  vitro 
studies  on  the  heterologous  cell  cultures  that  the  hormonal  stimulation 
can  be  transmitted  between  the  cells  possessing  gap  junctional 
communication  (Gilula  et  al.,  1978;  Lawrence  et  al.,  1978). 
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In  view  of  their  occurrence  in  diverse  organized  tissues  and 
importance  in  cell-to-cell  communication,  investigations  have  been 
aimed  at  understanding  of  their  structure  and  correlation  with  func¬ 
tions,  as  well  as  the  regulation  of  their  operation. 

The  essential  features  of  gap  junctions  appear  to  be  similar 
throughout  the  animal  kingdom.  In  thin  sections,  they  appear  as 
approximately  15-20  nm  thick  (McNutt  and  Weinstein,  1970)  with  a 
characteristic  approximately  2  nm  wide  electron  luscent  "gap"  in 
between  the  adjacent  cells.  By  employing  the  colloidal  lanthanum 
tracer.  Revel  and  Karnovsky  (1967)  were  able  to  demonstrate  an 
"hexagonal  lattice"  in  tangential  sections  of  the  gap  junctions.  With 
the  advent  of  freeze-  fracture  technique  (Steere,  1957;  Branton,  1966), 
the  presence  of  gap  junctions  can  be  readily  registered.  In  the 
f reeze-f racture  replicas  the  gap  junctions  are  frequently  visualized  as 
the  quasi -crystal  1 i ne  lattice  of  i ntramembranous  particles  on  the  pro¬ 
toplasmic  (P)  fracture  face  and  a  complimentary  lattice  of  pits  on  the 
ectoplasmic  (E)  fracture  fact  (see  Chapter  4,  Chalcroft  and  Bullivant, 
1970;  Bennett  and  Goodenough,  1978).  [In  the  arthropod  gap  junctions, 
a  reversal  of  the  structure  on  the  P  and  E  faces  is  observed,  Gilula, 
1972],  These  particles  are  named  connexons  (Goodenough,  1975). 

These  connexons  are  membrane-protein  oligomers  that  span  the 
phosophol i pi d  bilayers  of  each  of  the  adjacent  membranes  and  enclose 
approximately  2  nm  wide  aqueous  channel  within  (Goodenough,  1975). 
Caspar  and  coworkers  (Caspar  et  a  1  . ,  1977  ;  Makowski  et  al.,  1977),  have 
investigated  the  structure  of  gap  junctions  by  correlated  X-ray  dif¬ 
fraction  and  electron  microscopic  studies.  Low  angle  X-ray  diffraction 


3 


patterns  from  partially  oriented  gap  junctions  displayed  a  series  of 
broad  maxima  on  the  meridian  modulated  by  the  effects  of  a  quasi -regu¬ 
lar  stacking  and  partial  orientation.  After  deconvol uti ng  the 
meridional  continuous  intensity  distribution  for  the  factors  mentioned 
above,  electron  density  distribution  perpendicular  to  the  plane  of 
junctions  was  calculated.  Electron  density  distribution  within  the 
plane  of  gap  junctions  was  calculated  from  the  equatorial  reflections 
with  appropriate  constraints  provided  by  the  electron  microscope  data. 
The  three  dimensional  picture  that  emerged  through  such  a  study 
suggested  a  hexameric  nature  of  the  connexons.  The  electron  density 
profile  perpendi cul ar  to  the  plane  of  gap  junctions  (at  a  resolution  of 
about  1  nm)  revealed  the  existence  of  a  pair  of  lipid  bilayers  with  the 
polar  groups  separated  by  4.2  nm  across  the  bilayers  and  4.5  nm  across 
the  gap  (Makowski  et  al.,  1977).  The  electron  density  in  the  region  of 
low-density  minimum  in  the  center  of  the  bilayers  was  considerably 
higher,  than  could  be  expected  for  pure  lipid  hydrocarbons .  Therefore 
it  was  concluded  that  there  is  a  significant  protein  content  in  this 
region  (Makowski  et  al.,  1977).  The  electron  density  projections 
within  the  plane  of  junctions  failed  to  discern  any  subunit  structure 
and  connexons  appeared  to  be  as  only  circularly  symmetric  structures. 
These  projections  did  not  reveal  much  information  about  the  structure 
of  the  connexons.  Furthermore,  the  resolution  in  this  study  extended 
to  a  spacing  of  only  about  2.5  nm. 

A  real  breakthrough  in  our  knowledge  of  the  structure  of  gap 
junctions  has  come  from  the  work  of  Unwin  and  Zampighi  (1980)  who  have 
analyzed  the  low-  dose  electron  micrographs  of  negatively  stained 
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junctions  by  Fourier  methods  (DeRosier  and  Klug,  1968;  Henderson  and 
Unwin,  1975)  and  calculated  a  three  dimensional  map  at  1.8  nm  resolu¬ 
tion.  This  map  clearly  revealed  the  connexon  as  a  hexamer  of  subunits 
spanning  the  membrane  and  emerging  from  the  cytoplasmic  and  extracellu¬ 
lar  faces  of  the  membrane.  The  subunits  are  roughly  rod-shaped,  about 
7.5  nm  long  and  2.5  nm  in  diameter  These  subunits  are  tilted  with 
respect  to  the  six-fold  axis  thus  imparting  the  whole  assembly  a  left- 
handed  character.  The  central  opening  of  the  channel,  enclosed  within 
the  subunits,  is  about  2  nm  wide  in  the  ext racel 1 ul ar  region  of  the 
membrane  (where  it  is  occupied  by  the  hydrophilic  negative  stain)  and 
narrows  within  the  membrane  where  it  is  not  resolved.  Of  greater  sig¬ 
nificance,  was  the  finding  of  a  second  form  of  gap  junctions  produced 
after  extensive  dialysis.  This  form  of  gap  junctions  has  connexons  in 
a  different  configuration  presumably  reflecting  the  channel  in  a 
'closed'  state.  The  second  form  conceivably  resulted  from  a  correlated 
radial  and  tangential  displacement  of  subunits  about  the  six-fold  axis 
of  symmetry  passing  through  the  center  of  the  connexon.  Marked  radial 
displacement  was  postulated  to  occur  near  the  cytoplasmic  end  where  the 
central  opening  surrounded  by  the  subunits  disappeared  as  a  consequence 
of  the  transition.  On  the  cytoplasmic  side,  this  radial  displacement 
was  of  the  order  of  0.6  nm.  Also  as  a  result  of  this  transition,  from 
'open'  to  'closed'  state,  the  mean  inclination  of  the  subunits  relative 
to  the  six-fold  axis  was  reduced  from  14°  to  9°.  Thus  Unwin  and 
Zampighi's  model  for  the  first  time  provided  a  mechanism  for  the  regu¬ 
lation  of  channel  permeability  emphasizing  a  small  radial  and  tangen¬ 
tial  movement  of  subunits  as  the  key  feature  of  regulation.  However, 
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the  existence  of  a  continuous  aqueous  channel  throughout  the  connexon 
could  not  be  resolved  even  in  this  study. 

It  is  evident  from  the  above  that  only  scanty  information  is 
available  on  the  structure  of  gap  junctions.  Structural  studies  thus 
far  have  been  restricted  to  low-resolutions  (extending  up  to  approxi¬ 
mately  1-8  nm)  on  account  of  considerable  short  range  disorder  (Caspar 
et  a  1  . ,  1977)  and  rather  small  sizes  of  crystalline  domains  (Unwin  and 
Zampighi,  1980)  in  the  available  gap  junction  preparations.  If  well- 
extended  two-dimensional  hexagonal  crystals  of  connexons  can  be 
obtained,  their  high  resolution  structure  should  be  amenable  to  the 
classic  low-dose,  three-dimensional  Fourier  transform  electron  imaging 
and  diffraction  methods  (Unwin  and  Henderson,  1975;  Henderson  and 
Unwin,  1975)  that  were  employed  so  successfully  in  the  determination  of 
the  structure  of  the  purple  membrane  of  Hal obacteri urn  halobium.  A 
solution  of  the  structure  of  gap  junctions  at  high  resolution  would  be 
of  paramount  importance  in  providing  an  insight  into  the  functioning  of 
these  communicating  channels,  which  are  probably  the  largest  known 
channels  in  eukaryotes  (Evans,  1980).  Understandably,  considerable 
effort  must  be  devoted  to  working  out  isolation  methodologies  that 
yield  better  two-dimensional  crystals  of  gap  junctions.  When  such  gap 
junctions  become  available,  important  advances  could  come  about  over 
the  existing  limit  on  the  attainable  resolution  and  molecular  details 
of  these  communicating  channels  be  revealed. 

There  is  also  no  agreement  over  the  number  and  molecular 
weight(s)  of  constituent  polypepti de(s )  that  make  up  the  gap  junctions 
(Goodenough  and  Stoeckenius,  1972;  Goodenough,  1974;  Duguid  and  Revel, 
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1975;  Ehrhart  and  Chaveau,  1977;  Hertzberg  and  Gilula,  1979;  Henderson 
et  al.,  1979;  Gilula,  1980).  In  many  of  these  preparations  collagenase 
and  hyal uronidase  (both  having  some  non-specific  protease  activity) 
were  frequently  utilized  to  reduce  the  contamination  of  final  gap  junc¬ 
tion  preparations  by  collagen  and  amporphous  proteins  (Goodenough  and 
Stoeckenius,  1972;  Goodenough,  1976;  Duguid  and  Revel,  1975;  Caspar  et 
al.,  1977).  Such  a  treatment  could  cause  the  proteolysis  of  the 
isolated  gap  junction  fractions  and  consequently  markedly  alter  the 
polypeptide  composition  (Duguid  and  Revel,  1975).  Even  after  the 
enzymatic  treatment  was  substituted  by  exposure  to  1-6  M  Urea  to 
facilitate  the  isolation  of  morphologically  enriched  gap  junctions 
(Hertzberg  and  Gilula,  1979;  Henderson  et  al.,  1979),  the  number  of 
polypeptides  and  their  molecular  weights  remain  uncertain  (Fallon  and 
Goodenough  1981). 

Investigations  on  the  polypeptide  composition  of  gap  junctions 
are  complicated  by  endogenous  and  exogenous  proteolysis  during  the 
isolation  and  a  marked  propensity  of  the  gap  junctional  polypeptides  to 
aggregate  in  the  presence  of  sodium  dodecyl  sulphate  (SDS)  (Henderson 
et  al.,  1979;  Hertzberg  and  Gilula,  1979;  Finbow  et  al.,  1980; 

Nicholson  et  al.,  1982).  In  spite  of  possible  proteolysis,  it  appears 
that  a  predominant  component  in  the  liver  gap  junctions  is  a  polypep¬ 
tide  of  25-27,000  daltons  but  the  number  of  additional  polypeptide(s) 
is  in  dispute  (Fallon  and  Goodenough,  1981).  It  is  of  importance  to 
establish  the  polypeptide  composition  of  gap  junctions  and  it  is  to 
this  end  that  different  isolation  methodologies  should  be  devised 
(which  minimize  both  the  endogenous  and  exogenous  proteolysi s ) . 
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Furthermore,  it  has  been  claimed  that  the  currently  available 
isolation  procedures  uncouple  the  gap  junctions  and  induce  the 
connexons  to  pack  closely  in  two-dimensional  hexagonal  arrays 
(Perracchia,  1980).  Therefore,  in  order  to  study  the  structural 
dynamics  of  these  channels  there  is  a  need  to  develop  methods  to  pre¬ 
serve  their  in  situ  structure. 

The  purpose  of  the  present  project  is  thus  twofold:  Firstly, 
to  develop  a  method  to  isolate  gap  junctions  (which  could  be  suitable 
for  high  resolution  structural  studies)  and  characterize  their  polypep¬ 
tide  composition.  Secondly,  to  gain  an  insight  into  the  structure  of 
these  communicating  channels  in  situ.  I  have  carried  out  such  investi¬ 
gations  on  the  gap  junctions  of  the  mouse  liver.  Briefly  a  method  has 
been  developed  to  isolate  gap  junctions  which  employs  a  new  solubiliza¬ 
tion  protocol  (for  solubilizing  the  non-juncti onal  plasma  membranes) 
and  eliminates  the  use  of  enzymatic  treatments  or  exposure  to  denatur¬ 
ing  action  of  urea.  The  hexameric  subunit  structure  of  the  connexons 
in  situ  has  been  confirmed  by  employing  rapid  freezing  and  rotatory 
shadowing  techniques  in  conjunction  with  Markham's  rotational  filtering 
method  (Markham  et  al . ,  1963)  for  contrast  enhancement.  Also,  a 
contraction  of  the  lattice  of  connexons  induced  upon  fixation  with 
gl utaral dehyde  in  the  structure  of  gap  junctions  (uncoupling  of  gap 
junctions)  has  been  elaborated. 


2*  HISTORICAL  PERSPECTIVE:  FROM  SCHLIEDEN ' S  CELL  THEORY  TO 


CELL  TO  CELL  COMMUNICATING  CHANNELS:  LOW  RESISTANCE  CHANNELS 

The  concept  of  cell  as  implicit  in  Schlieden's  cell  theory 
emphasized  their  role  as  "ci rcumscri bed ,  self  contained  unit  beings" 
and  attributed  to  a  wall-like  structure  (to  be  later  described  as  the 
plasma  membrane  by  Nageli  in  1855)  a  function  of  merely  surrounding  the 
cells  and  isolating  them  from  the  rest  of  the  tissue  (Schlieden,  1838). 
The  function  ascribed  to  the  plasma  membrane  was  that  of  a  protective 
barrier  which  excluded  the  possibility  of  any  exchange  of  material  with 
the  extracellular  medium  or  the  neighbouring  cells. 

This  tenet  was  to  survive  unscathed  until  the  last  decade  of 
19th  century  when  the  highly  active  and  specialized  transport  functions 
of  the  plasma  membrane  became  known.  However  this  necessitated  only  a 
small  modification  in  the  theory  as  the  diffusion  barrier  for  small 
inorganic  ions  had  to  be  relaxed.  Early  workers  who  studied  the 
transport  phenomena  (Overton,  1899;  Gryns,  1896;  Hedin,  1897) 
underlined  the  cruicial  role  of  the  oil-water  partition  coefficient  of 
a  molecule  (correspond!' ng  to  its  lipid  solubility)  in  determining  how 
quickly  it  penetrated  across  the  plasma  membranes  into  the  cells. 

Since  then  this  conclusion  has  been  greatly  amplified  and  refined  and 
has  emerged  as  an  important  aspect  of  membrane  behavior  (Jacobs,  1935; 
(Hollander,  1937;  Dawson  and  Danielli,  1943).  At  about  the  same  time 
the  existence  of  hydrophilic  channels  in  the  membranes  was  invoked  and 
the  surface  membrane  was  pictured  to  harbour  "sieve"  like  areas  in 
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addition  to  the  "lipoidic"  areas  (which  were  constituted  predominantly 
of  fatty  acids)  (Jacobs  1924;  Hober,  1936;  Collander,  1937).  However, 
the  idea  of  the  existence  of  an  incomplete  diffusion  barrier  at  the 
sites  of  cell-contact,  in  the  cells  of  most  organized  tissue,  is  of 
relatively  recent  origin.  Indications  to  this  effect  came  initially 
from  the  work  by  Weidmann  (1952)  who  had  observed  that  in  the  cardiac 
muscle,  a  voltage  change  in  one  cell  induced  a  corresponding  voltage 
change  in  the  neighbouring  cell.  A  few  years  later  Furshpan  and  Potter 
(1959)  clearly  established  the  existence  of  electrical  coupling  via  a 
low-resistance  pathway  between  the  excitable  cells  in  the  crayfish 
nervous  system.  This  elegant  work  marked  the  discovery  of  electrical 
synapse  and  was  soon  followed  by  the  reports  of  electrical  communica¬ 
tion.  However,  all  these  accounts  of  i ntercel 1 ul ar  electrical  coupling 
were  reported  only  in  the  cases  of  excitable  cells  where  this  might  be 
considered  as  an  adaptive  feature  of  the  membranes  devoted  to  electric¬ 
al  mode  of  signal  transmission.  Moreover,  electrical  intercellular 
transmission  could  be  easily  attributed  to  the  passage  of  small  ions 
through  the  membrane  channels  not  very  different  from  those  known  to 
exist  in  the  plasma  membranes.  Therefore,  the  discovery  by  Furshpan 
and  Potter  (1959)  although  epoch-making  in  its  novelty,  did  not  as  yet 
spell  any  challenge  to  the  cell  theory's  principal  tenet  of  cell 
individuality.  However,  the  discovery  by  Loewenstein  and  Kanno  (1963, 
1964)  in  the  salivary  glands  of  Chironomus  and  Kuffler  and  Potter 
(1964)  in  the  glial  cells  of  leech,  of  the  existence  of  electrical 
coupling  in  nonexcitable  tissues  delivered  a  severe  blow  to  the 
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cel  1 -i ndi vi dual ity  principle.  Moreover,  Loewenstein  and  Kanno,  (1964) 
also  demonstrated  that  the  size  of  the  permeant  molecule  that  could 
pass  through  cell  junctions  (f 1 ourescei n ,  M.W.  330),  was  considerably 
greater  from  that  of  the  organic  ions  that  were  known  to  be  responsible 
for  the  transfer  of  electrical  signals  in  nerve  and  muscle.  Subsequent 
work  revealed  that  a  number  of  other  small  hydrophilic  molecules  of 
M.W.  between  300-1000  daltons  could  also  pass  through  these  junctions 
(Kanno  and  Loewenstein,  1966;  Potter  et  al . ,  1967).  It  became  apparent 
that  these  molecules  could  not  pass  through  the  types  of  channels  that 
were  known  at  that  time.  Therefore  it  was  proposed  that  these 
molecules  actually  passed  through  specialized  junctional  pathways 
comprised  of  leakproof,  relatively  large  hydrophilic  cell-to-cell 
channels,  localized  at  the  sites  of  cell-to-cell  contacts  (Loewenstein, 
1966).  Since  then,  the  notion  of  cell  individuality,  which  comprised 
the  basic  tenet  of  Schlieden's  cell  theory,  has  undergone  revision. 
Cells  in  most  organized  tissues  can  no  longer  be  considered  as 
independent  from  each  other  especially  in  view  of  the  restricted 
equilibration  of  the  cytoplasmic  constituents  that  can  be  facilitated 
and  controlled  by  these  i  ntercel  1 ul  ar  communicating  hydrophilic 
channels.  Incorporated  within  these  channels  is  also  the  capacity  to 
allow  the  transfer  or  exchange  of  small  metabolites  which  may  be  of 
relevence  to  developmental  biologists  (Crick,  1970,  Wolbert,  1981, 
Gierer,  1981).  Such  permeable  junctions  have  been  identified 
throughout  the  phylogenetic  scale,  from  sponges  to  man  (Evans,  1980). 
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2.1  Ionic  Coupling 

A  demonstration  of  the  junctional  permeability  for  intercellu¬ 
lar  transfer  of  small  ions  can  be  achieved  by  measuring  electrical 
resistances  across  the  boundries  between  continguous  cells.  The 
electrical  coupling  through  low-resistance  cell-to-cell  channels  is 
usually  described  as  the  capacity  for  passive  (electrotonic)  movement 
of  transient  electric  potential  from  a  cell  to  the  neighbouring  one 
cell  (Socolar  and  Loewenstein,  1979)  usually  with  very  little  voltage 
attenuation.  The  presence  of  electrical  coupling  can  be  displayed  by 
transmitting  pulses  of  electric  (ionic)  current,  with  the  help  of  an 
i nt racel 1 ul ar  microelectrode,  between  the  interior  of  one  cell  and  the 
external  medium,  and  monitoring  the  consequent  steady  state  transients 
of  membrane  potential  with  the  help  of  another  pair  of  microelectrodes 
in  this  cell  and  its  nearest  next  neighbour  cell  (Socolar  and 
Loewenstein,  1979).  In  the  presence  of  electrical  coupling  the 
membrane  potential  of  the  nearest  next  neighbour  cell  would  change. 

The  ratio  between  the  steady  state  rises  of  potentials  between  these 
two  cells  is  the  coupling  ratio  or  coupling  coefficient  (Furshpan  and 
Potter,  1959).  [The  electrical  coupling  is  quite  sensitive  upon  cell 
damage,  or  in  the  presence  of  certain  chemicals  which  may  have  some 
harmful  effects.] 

The  presence  of  low-resistance  cell  to  cell  (junctional)  path¬ 
ways  in  excitable  tissues  can  be  appreciated  by  the  consideration  that 
these  pathways  would  facilitate  rapid  propagation  of  impulses  of 
electrical  nature,  between  the  cells.  The  significance  of  the 
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existence  of  electrotonic  synapses  (electrotonic  junctions)  in  the 

nervous  system  may  lie  in  the  evident  temporal  gains  over  the  chemical 

synapses,  owing  to  the  rapid  electrotonic  transmission  of  electrical 

impulses  which  is  well  suited  for  quick  responses  (Bennett,  1977). 

Synchronization  of  the  cardiac  muscle  cells  into  a  functional  syncytium 

is  brought  about  by  the  rapid  cell  to  cell  spread  of  action  potentials 

through  these  junctional  channels  (Weidman,  1952).  The  contrast 

between  the  properties  of  these  low-resistance  channels  and  chemical 

post  synaptic  channels  becomes  evident  upon  a  consideration  of  the 

inherent  lack  of  charge  discrimination  in  the  former.  Both  small  cations 
(42k+,  86Rb+s  C02+j  22Na+)}  and  anions  (36c1-f  125r#  35^-) 

have  been  demonstrated  to  cross  these  channels  (Reviewed  by  Peracchia, 
1980). 

By  exploiting  the  simple  geometrical  shapes  of  the  cells  in 
cultured  Novikoff  hepatoma  cells,  Sheridan  et  al.  (1978)  have  reported 
rather  reliable  values  for  the  specific  resistance  of  the  junctional 
membranes.  Specific  junctional  resistance  has  been  measured  to  be 

O  O 

0.3  -  1.2  x  10_<1  /cm  .  The  rather  'low'  resistance  of  the 
intercellular  pathway  becomes  evident  when  compared  with  the  specific 
resistance  of  the  non-juncti onal  membrane  which  is  estimated  to  be 
1000-2600  /c m2  (Trautwein  et  al.,  1956,  Van  der  Kloot  and 
Dane,  1964).  Also  when  compared  with  other  excitable  channels  e.g. 

Na+  channels  (2.4  x  10^  ,  Conti  et  al.,  1975)  and  K+  channels 

(8  x  10^  ,  Conti  et  al.,  1975),  the  resistance  of  intercellular 

channels  appears  to  be  quite  low. 
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2.2  Dye-Coupl i ng 

Gap  junctional  pathways  have  also  been  demonstrated  to  be 
permeable  to  injected  fluorescent  dyes  of  low  molecular  weight 
(Socolar  and  Loewenstein,  1979).  The  first  such  probe  to  be  employed 
was  a  330  dalton,  flourescent  anion  of  flourescein  (Loewenstein  and 
Kanno,  1964).  However,  later  on  it  became  apparent  that  flourescein 
anion  was  not  only  transferred  through  the  junctional  route,  but 
through  the  nonjuncti onal  membranes  as  well.  In  order  to  remedy  this 
problem,  Procion  yellow  M4RS  was  introduced  as  a  flourescent  tracer  dye 
(Payton  et  a  1  . ,  1969)  with  a  rather  weak  flourescence  and  more  affinity 
for  binding  to  cytoplasmic  components  which  retarded  its  intracellular 
diffusion  (Stretton  and  Kravitz,  1973).  This  was  also  demonstrated  to 
permeate  through  the  non-juncti onal  membranes  in  some  cells  and  have 
toxic  properties  for  others.  Recently,  6-  carboxy f 1 ou rescei n  (Socolar 
and  Loewenstein,  1979)  has  been  introduced  as  the  flourescent  tracer. 

A  number  of  other  dyes  [and  radioactive  tracers]  have  also  been  shown 
to  diffuse  across  the  cells  through  the  junctional  pathways. 

By  conjugating  a  variety  of  natural  and  synthetic  peptides  with 
flourescent  dyes,  systematic  investigations  of  molecular  size  limit  for 
junctional  permeation  have  been  undertaken  by  Loewenstei n ' s  group 
(Simpson  et  al.,  1977,  Loewenstein,  1981).  The  channels  in  the 
mammalian  cells  appear  to  have  more  limited  channel  bore  in  comparison 
to  those  of  insect  cell  cultures.  Mammalian  channels  also  display 
greater  charge  di scrmi nati on  to  the  negatively  charged  molecules  of  a 
series,  a  feature  which  appears  to  be  less  prominent  in  the  insect 
channels  (Loewenstein,  1981).  The  extent  of  charge  di scrmi nati on 
appears  to  be  selective  enough  to  distinguish  between  the  charges  on 
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the  peptide  backbones  of  fluorescent  peptide  molecules  and  furthermore 
to  detect  the  second  order  effects  of  charge  delocalization  on  the 
fluorophore  (Loewenstei n ,  1981).  This  is  supported  by  a  marked 
preference  for  a  lissamine  rhodamine  B  (LRB)  -  labeled  molecule  over 
fluorescein  i sothi ocynate  (FITC)  -  labeled  one.  There  is  one 
delocalized  positive  charge  on  LRB  and  an  almost  equal  negative 
delocalized  charge  on  FITC  (FI agg-Newton  et  al.,  1979).  Very  little  is 
known  about  the  charged  permeants.  The  channel  diameter  appears  to  be 
at  least  1.6  nm,  a  figure  which  is  compatible  with  the  smallest 
dimensions  of  the  largest  permeant  molecules.  Upon  probing  with  an 
uncharged  (neutral  )  set  of  glycopepti des ,  the  channel  diameter  of  the 
insect  channels  was  measured  to  be  approximately  2-3  nm  and  of  the 
mammalian  cells  approximately  1.6-2  nm,  (Schwarzmann  et  al.,  1981). 

2.3  Metabolic  Coupling 

Subak-Sharpe  et  al.  (1966,  1969)  were  the  first  to  describe 
contact-dependent  transfer  of  radiolabeled  metabolites  through  special¬ 
ized  permeable  junctions.  These  authors,  while  working  on  tissue 
cultures  of  hamster  fibroblasts,  discovered  that  certain  mutant  cells 
were  devoid  of  the  enzyme  hypoxanthi ne-guani ne  phosphori bosyl 
transferase  (H6PRT),  and  thus  were  incapable  of  i ncorporati ng  a  nucleic 
acid  precursor  into  their  nucleic  acids.  Flowever,  these  could  become 
capable  of  i ncorporati on ,  if  grown  with  the  wild  type  cells  in  a  medium 
containing  [^H]  hypoxanthi ne.  Only  those  mutant  cells  manifested  the 
i ncorporati on  which  are  either  in  direct  contact  with  the  wild  type 
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cells  or  through  other  mutant  cells.  That  the  presence  of  such  a  con¬ 
tact  was  crucial  for  the  i ncorporati on  of  hypoxanthine  in  the  mutant 
cell  was  further  evidenced  by  the  cessation  of  incorporation  upon 
physical  separation  (Hooper  and  Subak-Sharpe,  1981).  It  appears  that 
in  all  these  cases,  the  molecular  species  which  was  transferred  to  the 
recipient  cell  was  probably  a  nucleotide  and  not  a  macromol ecu! ar 
species  like  RNA  as  has  been  claimed  by  Kolodny  (1972). 

2.4  Gap  Junctions  Mediate  Ionic  and  Metabolic  Coupling 

What  is  the  evidence  for  gap  junctions  as  the  structural  path¬ 
ways  for  mediating  both  ionic  coupling  and  metabolic  coupling  concomit¬ 
antly?  Employing  the  co-culture  combinations  of  communication  compe¬ 
tent,  and  communication-deficient  cells,  it  was  demonstrated  that  in 
the  co-cultures  of  communication-competent  cell  types,  both  ionic  and 
metabolic  couplings  can  occur  simultaneously  (Gilula  et  a  1  . ,  1972).  In 
the  co-cultures  of  communication  competent  and  deficient  cells,  as  ex¬ 
pected,  ionic  and  metabolic  coupling  were  absent  (Gilula  et  al.,  1972; 
Azarina  et  al.,  1972).  Since  the  same  contact  was  used  by  both  of 
these  phenomena  and  gap  junctions  were  observed  at  the  sites  of  cell  to 
cell  contact,  it  seems  reasonable  to  assume  that  most  likely  (but  not 
exclusively)  gap  junctions  mediated  both  the  ionic  as  well  as  metabolic 
coupling.  This  conclusion  was  further  strengthened  by  the  absence  of 
gap  junctions  noticed  between  cells  that  were  incapable  to  communicate. 

The  role  of  cAMP  as  a  mediator  in  the  i ntercel 1 ul ar  communica¬ 
tion  has  been  demonstrated  by  Lawrence  et  al.  (1978).  The  intercellu¬ 
lar  communication  was  investigated  in  the  heterologous  co-cultures  of 
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rat  ovarian  granulosa  cells  and  mouse  myocardial  cells.  They  docu¬ 
mented  the  existence  of  electrical  coupling  and  the  establishment  of 
gap  junctions  between  the  heterologous  cells.  Furthermore, 

'i  o 

H-uridine  or  H-adenine  was  exchanged  between  the  cells.  When  one 
cell  type  was  prelabelled,  the  presence  of  isotope  in  the  heterologous 
cell  was  confirmed  by  autoradi ography .  Both  of  these  cell  types  have 
characteri sti c  hormonal  responses,  the  myocardial  cells  respond  to 
noradrenal  i  ne  whereas  the  ovarian  granulosa  cells  respond  to  follicle 
stimulating  hormone  (FSH).  Both  of  these  hormones  elicit  their  effects 
by  mediation  through  cAMP.  Therefore,  the  hormonal  stimulation  of  one 
cell  type  will  elicit  the  stimulation  of  the  coupled  cell  of  the  other 
type,  in  the  heterologous  co-cultures.  This  was  experimental ly  veri¬ 
fied.  Noradrenal i ne-i nduced  stimulation  of  myocardial  cells  results  in 
production  of  plasminogen  activator,  a  response  characteri  sti  c  of 
granulosa  cells  upon  stimulation  by  FSH.  Likewise,  FSH  induced  stimu¬ 
lation  of  granulosa  cells  causes  an  increase  in  the  beat  frequency  of 
the  myocardial  cells.  Since  cAMP  mediates  the  responses  elicited  by 
both  of  these  hormones  it  is  reasonable  to  assume  that  this  molecule  is 
most  likely  involved  in  the  mediation  of  i ntercel  1  ul ar  communication 
between  the  heterologous  cell  types. 

2.5  The  Regulation  of  Junctional  Permeability 

The  porosity  of  gap  junctional  channels  appears  to  be  modulated 
by  a  variety  of  factors  that  alter  the  i ntracel 1 ul ar  homeostasis  which 
in  turn  reset  the  degree  of  intercellular  coupling.  The  coupling  is 
also  liable  to  fall  markedly  and  may  cease  to  a  complete  halt  in  the 
face  of  damage  or  injury  to  the  one  or  more  of  the  involved  cells. 
Uncoupling  has  also  been  induced  by  raising  the  i ntracel 1 ul ar 
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concentration  of  free  Ca  (Loewenstei n,  1966).  Loewenstein  has 

p  i 

proposed  that  the  concentration  of  free  cytoplasmic  Cac  concen- 
tration  is  low,  and  when  Ca'1  concentration  is  high  the  porosity 
would  decline.  However,  recently  i ntracel 1 ul ar  pH  has  been  claimed  to 
be  the  modulator  of  the  channel  permeability  (Turin  and  Warner,  1977). 
In  some  cases  voltage  dependent  junctional  permeability  has  also  been 
described  by  Bennett's  group  (Bennett  et  al.,  1981).  The  coupling 
through  these  channels  appears  to  be  a  passive  process  with  no  energy 
demands  with  a  rate  of  transfer  of  the  same  order  of  magnitude  as 
passive  cytoplasmic  diffusion  (Gilula,  1980). 
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3.  ISOLATION  and  structural  characterization  of 

GAP  JUNCTIONS 


3.1  Introduction 

It  must  be  emphasized  at  the  outset,  that  no  endogenous  activi¬ 
ty  as  yet  has  been  detected  in  the  gap  junctions  and  morphological  cri¬ 
terion  is  the  only  major  assay  for  evaluating  the  purity  of  the  subcel- 
lular  fractions  enriched  in  gap  junctions.  One  of  the  earliest  methods 
employed  for  the  isolation  of  gap  junctions  was  based  on  the  premise 
that  gap  junctions  seem  resistant  to  certain  detergent  treatment  that 
disrupts  the  non-juncti onal  plasma  membranes  (Benedetti  and  Emmelot, 
1968).  On  this  basis,  Benedetti  and  Emmelot  (1968)  obtained  sub-cellu¬ 
lar  fractions  enriched  in  gap  junctions  by  simply  treating  the  rat- 
liver  plasma  membranes  with  deoxycholate  which  solubilizes  the  non- 
junctional  plasma  membranes.  But  subsequently,  deoxycholate  treatment 
was  demonstrated  to  cause  irreversible  structural  changes  in  gap 
junctions,  leading  to  a  collapse  of  the  gap  region  (Goodenough  and 
Revel ,  1970) . 

Goodenough  and  Stoeckenius  (1972)  and  Evans  and  Gurd  (1972) 
arrived  at  the  choice  of  n-lauryl  (dodecyl  )  sarcosine  to  enrich  the 
plasma  membrane  fractions  for  gap  junctions.  As  a  conseqence  of  this 
detergent  treatment  of  plasma  membranes,  a  large  amount  of  partially 
solubilized  amorphous  debris  was  produced  together  with  the  contamina¬ 
ting  collagen  fibres  and  uricase  crystals.  Therefore,  these  isolation 
procedures  involved  treatment  of  plasma  membranes  with  hyal uroni dase 
and  collagenase  to  reduce  the  contamination  of  the  final  preparati ons . 
Subsequent  centrifugation  in  a  sucrose  density  gradient,  yielded 
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morphologically  pure  gap  junctions.  After  the  enzymatic  treatments, 
although  the  overall  morphological  features  were  still  conserved,  the 
constituent  proteins  were  found  to  be  partially  degraded  (Duguid  and 
Revel,  1975),  and  hence  there  was  no  accord  amongst  the  workers  over 
the  number  and  molecular  weights  of  constituent  polypeptides 
(Goodenough,  1974;  Culvenor  and  Evans,  1977;  Ehrhart  and  Chaveau, 
1977). 

In  1979,  three  methods  were  reported  in  which  proteolysis  was 
minimized  by  eliminating  the  enzymatic  treatment.  Instead,  the  purifi 
cation  in  two  of  these  methods  was  facilitated  by  exposure  to  1-6  M 
urea.  One  of  these  methods  employed  Triton  X  100  (Henderson  et  a  1 . , 
1979)  whereas  the  other  employed  n-lauryl  sarcosine  (Hertzberg  and 
Gilula,  1979).  Both  of  these  detergents  solubilize  the  non-juncti onal 
plasma  membranes  (see  above).  The  third  method  introduced  by  Zampighi 
and  Unwin  (1979)  utilized  deoxycholate  and  Lubrol-WX.  However,  it 
seems  that  the  problem  of  proteolysis  was  not  completely  resolved. 

This  together  with  the  pronounced  aggregation  of  gap  junctional  poly¬ 
peptides  in  SDS  (Henderson  et  a  1  . ,  1979)  resulted  in  an  apparent  heter 
ogeneity  in  the  reported  polypeptide  profiles.  The  constituent  poly¬ 
peptide^)  of  the  gap  junctions  (named  connexin  by  Goodenough,  1974) 
are  intrinsic  (integral)  membrane  proteins  based  upon  a  value  of  0.322 
for  the  Barrantes  (1975)  discriminant  function  Z  and  f reeze-f racture 
data  (Bennett  and  Goodenough,  1978). 

A  detailed  consideration  of  the  specific  interactions  of  the 
integral  membrane  proteins  with  phospholipid  bi layers  provides  with  a 
rationale  for  the  choice  of  an  appropriate  amphiphile  (detergent)  to 
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solubilize  and  isolate  such  proteins  in  their  native  states  (see 
Appendi x  ' A' ). 

3.2  Materials  and  Methods 

3.2.1  Experimental  system:  mouse  liver 

For  the  isolation  and  characteri zati on  of  gap  junctions,  mouse 
liver  was  an  appropriate  choice.  Even  though  mouse  has  the  evident 
disadvantage  of  providing  less  liver  per  animal,  this  is  more  than 
compensated  for  by  the  following: 

a)  greater  yield  of  plasma  membranes  per  gram  of  liver; 

b)  ease  of  homogenization  due  to  relatively  small  amounts  of 
connective  tissue; 

c)  low  levels  of  collagen  contami nati on  of  the  final  preparati ons ; 

d)  large  size  of  the  murine  hepatocyte  gap  junctions. 

3.2.2  Isolation  Procedure  for  Gap  Junctions 

Initially  when  the  isolation  work  was  undertaken,  the  gap 
junctions  were  isolated  by  the  method  of  Goodenough  and  Stoeckenius 
(1972).  Then  for  some  time  Hertzberg  and  Gilula's  method  was  employed 
(Hertzberg  and  Gilula,  1979).  Attempts  were  also  made  to  adopt  the 
method  proposed  by  Henderson  et  al . ,  (1979)  based  upon  the  use  of 
Triton  X100.  However,  these  methods  had  to  be  abandoned  because  of  the 
low-yields  and  inconsistent  purity  in  my  hands.  Therefore,  attempts 
were  made  to  develop  an  isolation  protocol  by  using  a  wide  variety  of 
detergents,  by  essentially  trial  and  error  method. 


Figure  1 


A  flow-chart  for  the  isolation  of  plasma  membranes  from  the 
mouse  liver. 
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An  isolation  procedure  for  gap  junctions  has  been  developed 
which  involves  solubilization  of  plasma  membranes  by  an  anionic  deter¬ 
gent  n-dodecanoyl  sarcosine  in  combination  with  non-ionic  polyoxyethy¬ 
lene  alcohol  detergents  (Brig  35,  Brig  58)  and  a  non-ionic  polyoxyethy¬ 
lene  ether  (W-l)  detergent.  Subsequent  centrifugation  is  performed  in 
a  sucrose  gradient  containing  0.1  mM  1-0-n  octyl-  0-(D)  gl ucopy ranosi de. 
It  is  emphasized  that  some  of  these  detergents  have  not  been  previously 
used  in  the  solubilization  of  the  plasma  membranes.  The  isolation  pro¬ 
tocol  is  outlined  below  in  detail.  All  isolation  procedures  were 
carried  out  at  4°C  unless  noted  otherwise. 

3.2.2. 1  Isolation  of  Plasma  Membranes 

In  some  initial  experiments,  plasma  membranes  were  prepared  by 
a  modification  of  Neville's  method  (Neville  1960).  However,  in  view  of 
the  lower  yields  of  plasma  membranes  and  hence  of  gap  junctions  this 

O  i 

method  was  abandoned.  Inclusions  of  Ca  (Ray,  1970)  and  sodium 
borate  (Dorling  and  LePage,  1973)  in  the  homogenizing  medium  have  been 
claimed  to  improve  the  yield  of  plasma  membranes.  However,  my  attempts 
to  incorporate  these  modifications  in  the  original  Neville's  (1960) 
method  always  resulted  in  excessively  contaminated  and  aggregated  mem¬ 
brane  preparati ons.  Attempts  were  also  made  to  employ  the  aqueous  two- 
phase  polymer  system  for  the  isolation  of  plasma  membranes,  but  it 
could  not  be  used  efficiently  for  bulk  purposes  (Lesko  et  al.,  1973). 
There  were  a  total  of  about  80  attempts  to  isolate  the  plasma  mem- 
brances  by  various  methods.  The  method  described  below  has  been 
employed  successfully  for  more  than  15  times.  Protein  concentrations 
were  determined  by  Lowry's  method  (Lowry  et  al . ,  1951). 
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Plasma  membranes  were  isolated  (see  Fig.  1)  by  a  modification 
of  the  method  of  Fallon  and  Goodenough  (1981) 

Homogeni zati on  medium 

1.5  mM  EGTA 

1  mM  NaHCO 3 

2  mM  Phenylmethyl sul fonyl f 1 uori de  (PMSF) 

1  mM  Parachl oromercuri benzoate  (PCMB) 

1  mM  Di thi othrei tol  (DTT) 

pH  8.5, 

Isolation  medium 

1  mM  EGTA 
1  mM  NaHC03 
1  mM  PMSF 
1  mM  PCMB 
1  mM  DTT 
pH  8.0 

40  white  mice  (30-40  days  old)  were  sacrificed  by  cervical  dislocation. 
Livers  were  immediately  dissected  out,  and  homogenized  in  a  40-ml 
dounce  homogenizer  (Belco,  U.S.A.)  with  a  loose  type  "B"  pestle,  in 
approximately  40  ml  of  homogenization  medium  per  four  livers,  by  8-10 
strokes.  The  homogenate  was  diluted  to  2000  ml  with  the  isolation 
medium  stirred  and  allowed  to  stand  for  10  minutes.  Then  it  was 
filtered  slowly  through  35  layers  of  cheesecloth  (Curity,  grade  50,  The 
Kendall  Comp.)  followed  by  filtration  through  2  layers  of  63  mesh  nylon 
cloth  (precipitated  material  at  the  bottom  was  not  filtered  and  dis¬ 
carded).  The  filtered  homogenate  was  centrifuged  in  a  GSA  rotor,  8000 
rpm  for  30  minutes  (  3  x  10^  g  minute).  The  supernatant  was  aspired 
off  and  discarded.  The  pellets  were  resuspended  by  vigorous  shaking  in 
4000  ml  of  isolation  medium  and  centrifuged  at  8000  rpm  in  a  GSA  rotor 
for  30  minutes.  The  resulting  supernatant  was  again  removed  by 


Figure  2 


A  flow-chart  describing  the  solubilization  of  the  non-junc- 
tional  plasma  membranes  and  the  isolation  of  the  gap  junctions. 
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PLASMA  MEMBRANES 

1)  SOLUBILIZATION  MEDIUM  (ImM  EGTA,  2mM 
NaHC03,lmM  DTT  and  ImM  PMSF,  pH  9  )  at 
room  temperature 


O 


2)  l%>(w/v)  n-dodecanoyl  sarcosine  in  solubization 
medium,  room  temp.,  5  MIN 

3)  3100  rpm,  SS-34  rotor,  10  MIN 


N-DODECANOYL  SARCOSINE  SUPERNATANT 

1)  0.5%  (w/v)  BRIJ  35  in  solubilization 
medium,  room  temp.,  5  MIN 

2)  17,000  rpm,  SS-34  rotor,  15  MIN 


o 


BRIJ- 35  AND  N-DODECANOYL  SARCOSINE  PELLET 

1)  solubilization  medium  at  room  temp. 

2)  0.27o(w/v)  BRIJ  58  and  polyoxyethylene 
ether  W- 1 (  0.25%  w/w)  in  solubilization 
medium  at  room  temperature 

o 


POLYOXYETHYLENE  ETHER  W-1  AND  BRIJ-58  TREATMENT 


CENTRIFUGATION 


sample 
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at  4°C 
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interface  is  enriched 


in  gap  junctions 
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aspiration  and  discarded.  Whereas  the  pellets  were  resuspended  by 
vigorous  agitation  through  no.  13  needle  in  4000  ml  of  isolation  medium 
and  centrifuged  again  as  before.  The  resulting  pellets  were  suspended 
in  approximately  200  ml  of  isolation  medium  this  time  (supernatant  was 
again  discarded)  and  centrifuged  as  before.  The  supernatant  was  care¬ 
fully  aspired  off  leaving  the  underlying  pellet  undisturbed.  The 
pellet  was  dislodged  and  suspended  in  the  minimum  possible  volume  of 
isolation  medium,  by  vigorously  drawing  up  and  down  through  a  no.  13 
needle.  The  volume  was  accurately  measured.  To  this  with,  constant 
stirring,  slowly  drop  by  drop  2  times  its  volume  of  67%  (w/w)  sucrose 
in  isolation  medium  was  added.  This  suspension  was  underlaid  in  SW28 
rotor  tubes  (Beckman)  and  overlaid  with  45%  (w/w),  41%  (w/w)  and  37% 
(w/w)  sucrose  solutions  prepared  in  the  isolation  medium.  These  step 
gradients  were  centrifuged  at  26,000  rpm  for  75  minutes  (  7.5x10^  g 
per  minute).  The  plasma  membranes  gathered  as  a  visible  band  at  37% 
(w/w)  -  41%  (w/w)  interface,  were  harvested  by  a  pasteur  pipette  (1.5  - 
2  mg  plasma  membranes/gm  liver). 

3. 2. 2. 2  Solubilization  of  Plasma  Membranes  and  Isolation  of  Gap 

Junctions  (Fig.  2) 

Plasma  membranes  were  suspended  in  approximately  1500  ml  of 
isolation  medium  and  centrifuged  in  a  GSA  rotor  at  10,000  rpm  for  30 
minutes  (4.9  x  105  g  per  minute).  Resulting  pellets  were  resuspended 
in  approximately  500  ml  of  isolation  medium  and  spun  as  before.  These 
pellets  were  suspended  in  approximately  40  ml  of  1  mM  EGTA,  2  mM 
NaHCOg,  2  mM  DTT  and  2  mM  PMSF  buffer,  pH  9.0  (henceforth  called  as 
solubilization  medium),  at  room  temperature. 


28 


3. 2. 2. 2.1  Treatment  with  detergents 

3. 2. 2. 2. 1.1  Treatment  with  n-dodecanoyl  sarcosine  and  Brij  35 
To  this  suspension  approxi mately  40  ml  of  n-dodecanoyl 

sarcosine  was  added  (1%  w/v,  in  solubilization  medium,  pH  9.0)  slowly 
drop  by  drop  with  constant  stirring  provided  by  a  magnetic  stirrer  at 
room  tempterature.  After  5  minutes  at  room  temperature,  it  was  centri¬ 
fuged  at  4-5°C  in  a  SS-34  rotor  (Sorvall),  at  3100  rpm  for  10  minutes 
(104  g  min.).  The  supernatant  was  kept  at  room  temperature,  and 
small  pellets  (which  were  unevenly  distributed  at  the  bottom  and  had 
mostly  collagen),  were  discarded.  10  ml  of  Brij  35  (0.5%  w/v  in  1  mM 
EGTA  2  mM  NaHCOT,  1  mM  DTT  and  1  mM  PMSF,  pH  9.0,  buffer)  was  slowly 
added  to  the  supernatant,  followed  by  an  incubation  at  room  temperature 
for  5  minutes  and  centrifugation  in  a  SS-34  rotor  at  17000  rpm  for  15 
min.  at  4-5°C.  The  supernatant  was  aspired  out  and  discarded. 

3. 2. 2. 2. 1. 2  Treatment  with  Brij  58  and  polyoxyethylene  ether  W-l 
The  pellets  were  suspended  in  2  ml  of  solubilization  medium. 

The  suspension  was  accomplished  by  employing  a  hand  driven  Dounce  homo- 
genizer  with  a  type  1 B 1  pestle  (  8-10  strokes).  To  this  1  ml  of  0.2% 
w/v  Brij  58  and  1  ml  of  0.25%  w/v  of  polyoxyethylene  ether  (W-l)  in  the 
solubilization  buffer  was  added  at  4°C  and  very  well  mixed. 

3. 2. 2. 2. 2  Density  gradient  centrifugation 

This  was  loaded  on  the  top  of  two-step  gradients  prepared  in 
four  SW-40  (Beckman)  rotor  tubes  with  approximately  5  ml  of  50%  w/v  and 
approximately  7  ml  of  33.81%  w/v  sucrose  in  solubilization  buffer. 
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Incorporation  of  0.1  mM  1-0-n-octyl  -/3-D-gl ucopyranosi de  (n-octyl 
glucoside)  facilitated  better  separation  of  gap  junction  in  the 
gradient.  In  some  experiments,  0.1  mM  sodium  taurodeoxychol ate  was 
used  in  place  of  n-octyl gl ucosi de  in  the  sucrose  gradients  with  almost 
comparable  results.  These  gradients  were  centrifuged  in  SW  40  rotor  at 
30,000  rpm  for  2  hrs.  at  8°C.  The  gap  junctions  usually  gathered  at 
the  33.81-50%  w/v  sucrose  interface,  could  be  visually  observed  as  a 
band  and  harvested  with  a  syringe.  Washings  were  performed  with  the 
isolation  medium  (SW-40  rotor,  30,000  rpm,  45  min.).  Finally,  these 
gap  junctions  were  suspended  in  100-200  ml  of  the  isolation  medium. 

Yield:  100-40Qjng  protein/40  mice. 

3.2.3  Electron  Microscopy 

Negative  Staining:  For  negative  staining  a  small  aliquot  of  a 
gap  junctional  fraction  (  1  mg/ml)  was  deposited  on  freshly  prepared 

carbon-coated  grids  and  negatively  stained  with  1%  (w/v)  aqueous  uranyl 
acetate  (Finch,  1975).  The  grids  were  scanned  in  a  Phillips  EM400 
(operated  with  a  liquid  N2  cooled  anti contami nati on  device)  at  low 
magnification  to  locate  the  well-stained  areas.  Electron  micrographs 
of  stained  gap  junctions  were  usually  taken  at  a  magnification  of  x 
36000  -  46000. 

3.2.4  Optical  Diffraction 

Optical  diffraction  experiments  were  performed  on  a  Polaron 
electron  micrograph  opti cal -di ff ractometer  (model  M802).  This  instru¬ 
ment  employs  a  2  milliwatt  helium-neon  laser  as  the  source  of  coherent 
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light  (  x=  632.8  nm).  Electron  micrographs  of  negatively  stained  gap 
junctions,  suitably  masked  to  expose  only  the  particular  areas  of 
interest,  were  used  as  objects  in  the  optical  diffraction  experiments. 
Optical  di ff ractograms  were  recorded  on  5"  x  4"  Polaroid  (black  and 
white)  positive-negative  plates. 

3.2.5  X-ray  Diffraction 

To  prepare  the  oriented  specimen  for  X-ray  diffraction,  the 
isolated  gap  junctions  were  centrifuged  at  260,000  xg  for  approximately 
12  hrs.  in  a  hemi hyperbol oid  BEEM  polyethylene  capsule  mounted  on  an 
adaptor  that  fits  snugly  at  the  bottom  of  a  Beckman  SW-60  rotor  tube, 
at  4°C.  After  the  appropriate  trimming  of  the  capsule  to  expose  the 
specimen,  it  was  mounted  in  a  wet  cell  (kept  at  4°C)  with  the  incident 
X-ray  beam  parallel  to  the  plane  of  the  gap  junctions.  The  X-rays  were 
generated  on  a  Elliot  GX13  rotating  anode  X-ray  generator  with  a 

O. 1  x  2.0  mm  focal  spot  source  and  a  double  mirror  Franks  type  camera. 
The  diffraction  patterns  were  recorded  on  a  CEA  reflex  film  and 
developed  in  full  strength  Kodak  D19  for  6  min.  A  Perkin-Elmer 
microdensitometer  was  used  to  digitize  the  film  and  optical  densities 
lying  along  the  arcs  and  within  a  30°  sector  centered  on  the  equator 
were  averaged  employing  a  program  written  by  D.  Austen  (These 
experiments  were  performed  with  the  help  of  Prof.  P.N.T.  Unwin  and 

P.  Ennis  at  Stanford  University). 
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3.2.6  SDS-Polyacryl ami  de  Gel  El ectrophoresi s 

3.2.6. 1  Apparatus 

Electrophoresis  in  the  presence  of  SDS,  in  polyacrylamide  gels 
was  carried  out  using  the  discontinuous  buffer  system  of  Laemml i  (1970) 
employing  vertical  slab  gels.  A  Protean  dual  slab  cell  (Bio-Rad 
Laboratories ,  Richmond,  Calif.)  with  160  x  120  mm  glass  plates  and  1.5 
mm  thick  spacer  was  used  for  making  vertical  slab  gels  containing  10% 
(w/v)  acrylamide  in  the  separating  gels  and  5%  (w/v)  acrylamide  in  the 
stacking  gel.  SDS-PAGE  was  run  on  the  same  apparatus.  A  teflon  comb 
(25  mm  teeth)  was  used  to  provide  15  sample  wells  in  which  the  samples 
could  be  loaded. 

3. 2. 6. 2  Preparation  of  Gels 
3.2.6. 2.1  Separating  Gels 

10%  (w/v)  acrylamide  gels  were  used  throughout.  35  ml  of  the 
gel  mixture  could  be  prepared  by  adding  the  following  to  a  conical 
f 1  ask : 

8.75  ml  of  separating  buffer  (1.5m  tris-HCl,  0.008  M  EDTA,  pH 

8.9), 

11.5  ml  of  30%  (w/v)  acrylamide  (29.2%  acrylamide  and  0.8% 
bi s-acryl ami de) , 

0.35  ml  of  10%  (w/v)  SDS, 

0.035  ml  of  TEMED  and 
10.9  ml  of  water. 

Addition  of  3.5  ml  of  0.3%  (w/v)  ammonium  persulphate  (freshly  prepared 
and  deaerated  for  about  10  minutes)  initiates  the  polymerization 


32 


reaction.  The  gel  mixture  was  quickly  transferred  into  the  glass 
sandwich,  with  the  help  of  syringe  attached  to  a  narrow  plastic  tube, 
taking  care  not  to  leave  the  air  bubbles  trapped  inside.  The  glass 
sandwich  filled  up  to  approximately  20  mm  from  the  top  with  the 
polymerizing  gel  and  the  gel  top  overlaid  with  about  2  ml  of  distilled 
water.  It  took  about  45  minutes  for  the  gel  to  polymerize. 

Thereafter,  the  water  and  the  residual  unpolymerized  material  at  the 
gel  surface  were  washed  off  with  the  distilled  water  and  the  upper 
buffer  chamber  was  replaced  over  the  sandwich. 

3. 2. 6. 2. 2.  Stacking  Gels 

To  prepare  the  stacking  gel  mixture  (5%  acrylamide,  0.1%  SDS 
and  0.125  M  Tris-HCl,  pH  6.8),  2.5  ml  of  stacking  buffer  (0.5  M 
Tris-HCl,  0.008  M  EDTA,  pH  6.8),  1.7  ml  of  30%  (w/v)  acrylamide,  0-1  ml 
of  10%  (w/v)  SDS,  0.01  ml  of  TEMED  and  2.7  ml  of  water  are  added 
together  followed  by  stirring  and  deaerating  for  about  10  minutes. 

After  the  addition  of  3  ml  of  0.3%  (w/v)  ammonium  persulphate  (prepared 
fresh  and  deaerated)  to  initiate  polymerization,  the  gel  mixture  was 
quickly  poured  onto  the  separating  gel  surface,  upto  the  lower  end  of 
the  upper  buffer  chamber  trough. 

A  teflon  comb  was  immediately  inserted  into  the  stacking  gel 
mixture  to  form  the  sample  wells.  After  about  30-60  minutes  for  per¬ 
mitting  the  gel  to  polymerize,  the  comb  was  taken  out  and  the  gel 
surface  thoroughly  rinsed  with  water. 
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3. 2. 6. 3  Sample  Preparation 

Samples  for  SDS-PAGE  were  prepared  by  solubilizing  freshly 
isolated  gap  junctions  with  vigorous  pipetting  in  SDS-sample  buffer 
(10%  w/v  glycerol,  5%  w/v  2-mercaptoethanol ,  2%  w/v  SDS  and  0.0625  M 
Tris-HCl,  pH  6.8)  at  room  temperature  for  about  half  an  hour.  Approxi¬ 
mately  50-70  ill  of  samples  (containing  about  40-80  mg  of  protein)  were 
delivered  into  the  sample  wells  employing  a  Hamilton  syringe. 

3. 2. 6. 4  El ectrophoresi s 

Upper  buffer  chamber  and  lower  buffer  tank  were  filled  with 
electrode  buffer  (0.025  M  Tris  base,  0.192  M  glycine  and  0.1%  SDS). 
Subsequently,  the  upper  buffer  chamber  along  with  the  slab  gel  was 
replaced  over  the  lower  buffer  tank  containing  enough  electrode  buffer 
to  immerse  the  slab  gel  totally  and  thus  provide  efficient  cooling. 

The  gels  were  initially  run  at  20  mA  until  the  dye  front  arrived  at  the 
stacking  -  separating  gel  interface.  Then  the  current  was  stepped  up 
to  30  mA  until  the  dye  front  approached  the  bottom  of  gel.  The 
electrophoresi s  was  usually  carried  on  for  about  5  hours. 

3. 2. 6. 5  Staining  Procedures 

For  detecting  proteins  in  polyacryl ami de  gels,  a  silver  stain¬ 
ing  procedure  due  to  Wray  et  al.  (1981)  was  followed.  At  the  end  of 
electrophoresis,  the  gel  slabs  were  taken  out  of  the  el ectrophoresi s 
cell,  the  spacers  removed  and  the  glass  plates  were  taken  apart  by 
squirting  water  (between  the  gel  and  the  plates)  and  exerting  some 
pressure  with  the  plastic  comb.  The  gels  were  given  a  brief  rinse  with 
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water  and  subsequently  immersed  in  50%  methanol  overnight  with  2  or  3 
changes.  The  gels  were  stained  in  ammonical  silver  nitrate  solution 
for  15  minutes  with  constant  agitation  throughout.  This  solution  is 
prepared  by  adding  4  ml  of  20%  (w/v)  silver  nitrate  solution  dropwise 
with  constant  stirring  into  21  ml  of  0.36%  sodium  hydroxide  +  1.4  ml  of 
14.8  M  ammonium  hydroxide.  The  final  volume  was  made  up  to  100  ml  with 
double  distilled  water.  This  solution  must  be  used  within  5  minutes  of 
its  preparation.  The  staining  is  followed  by  a  wash  in  deionized  water 
with  gentle  agitation  for  5  minutes.  The  gels  were  washed  again  and 
immersed  in  the  developer  until  the  bands  become  visible.  The 
developer  was  prepared  by  adding  0.5  ml  of  38%  formaldehyde  to  5  ml  of 
citric  acid.  The  final  volume  was  made  up  to  be  1  litre  with  double 
distilled  water.  Only  fresh  solution  was  used.  Usually  the  optimum 
band  development  took  less  than  10  minutes.  Finally  the  gels  were 
washed  in  water  and  immersed  in  either  50%  (v/v)  methanol  or  45%  (v/v  ) 
methanol  +  10%  (v/v)  acetic  acid  to  stop  any  further  stain 
devel opment . 

3. 2. 6.6  Photography,  and  Drying  of  the  Gels 

Immediately  after  the  staining,  the  gels  were  photographed  by 
employing  transmitted  light,  on  a  Kodak  Panachromati c-X  (ASA  32)  film. 
The  gels  were  dried  under  vacuum  at  90-95°C. 

3.3  Results 

3.3.1  Isolation  of  Gap  Junctions 

A  procedure  detailed  in  Section  3.2.2  has  been  developed  for 
the  isolation  of  highly  purified  gap  junction  fraction  from  mouse  liver 
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plasma  membranes.  This  procedure  avoids  the  use  of  exogenous  proteases 
and  urea  that  have  been  commonly  included  in  protocols  of  isolation  of 
gap  junctions  (Casper  et  al.,  1977;  Henderson  et  al.,  1979;  Hertzberg 
and  Gilula,  1979).  The  bulk  isolation  of  plasma  membranes  from  mouse 
liver  was  based  upon  a  modification  of  a  procedure  due  to  Fallon  and 
Goodenough  (1981).  The  plasma  membranes  were  first  treated  with  an 
anionic  detergent,  n-dodecanoyl  sarcosine,  in  combination  with  a 
non-ionic  polyoxyethyl ene  alcohol  detergent,  Brij  35,  to  solubilize  the 
non-juncti onal  plasma  membranes.  The  insoluble  fraction  was  further 
solubilized  with  polyoxyethylene  alcohol  (Brij  58)  and  polyoxyethyl ene 
ether  (W-l).  Subsequent  centri fugati on  in  a  sucrose  step  gradient  in 
the  presence  of  0.1  mM  1-o-n-octyl  -/3-D-gl  ucopy  ranosi  de  (a  non-ionic 
detergent)  to  facilitate  the  separation,  yielded  a  highly  enriched  gap 
junction  fraction.  It  is  emphasized  here  that  some  of  the  detergents 
(n-dodecanoyl  sarcosine,  W-l,  1-o-n-octyl -£-gl ucopyranosi de )  employed 
in  this  isolation  protocol  have  not  been  previously  used  for  this 
purpose.  The  i ncorporation  of  1  mm  EGTA  throughout  the  isolation 
protocol  provides  exceptionally  high  yields  of  gap  juntions  (  200-400 
ug  protein/40  mice)  as  originally  documented  by  Fallon  and  Goodenough 
(1981). 

As  stated  above,  in  the  absence  of  any  biochemical  assay,  the 
morphological  evaluation  is  the  only  criterion  for  assessing  the  purity 
of  the  isolated  fractions. 
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Plate  1 


Figure  3 

Electron  micrograph  of  a  negatively  stained  preparation  of 
isolated  gap  junctions.  The  gap  junctions  often  lie  flat  on  the  grid 
in  the  form  of  plaques  of  various  shapes  and  sizes,  often  reaching 
approximately  l/Jim  on  the  edge.  The  hexagonal  ly  packed  connexons  are 
evident.  (A  magnified  view  is  shown  in  Figure  7).  The  encircled  area 
has  been  subjected  to  optical  diffraction. 
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3.3.2  Structural  Character!' zat i on 

3. 3. 2.1  Electron  imaging  of  negatively  stained  gap  jucntions  and 

optical  diffraction 

Electron  microscopical  examination  of  the  negatively  stained 
gap  junction  fractions  provides  a  quick  means  of  evaluating  the  purity 
of  the  preparations.  Fig.  3  shows  a  typical  preparation  of  gap  junc¬ 
tions  isolated  by  the  new  procedure.  The  gap  junctions  were  in  the 
form  of  plaques  of  various  shapes  and  sizes  with  lateral  dimensions  as 
large  as  1  urn.  They  consisted  of  hexagonal  arrays  of  connexons.  Each 
annular  connexon  appeared  to  be  well-defined  with  a  electron-dense  spot 
about  1.5  -  2.0  nm  wide  at  the  center.  This  spot  is  due  to  the  accumu¬ 
lation  of  the  negative  stain  at  the  six-fold  axis  that  correponds  to 
the  putative  hydrophilic  channel.  In  order  to  ascertain  the  lattice 
constant  representing  center-to-center  spacing  of  these  gap-junctions 
more  objectively,  their  electron  micrographs  were  subjected  to  optical 
diffraction  analysis.  The  resulting  optical  diffraction  patterns  (Fig. 
4a)  displayed  reflections  that  could  be  indexed  on  a  two-dimensional 
hexagonal  lattice  extending  out  to  2,0  reflection,  in  the  normal  high- 
dose  electron  micrographs.  A  few  specimen  diffracted  out  to  the  3,0 
reflection  (Fig.  4b).  The  lattice  constant  appeared  to  be  in  the  range 
of  7.6  -  8.4  nm  presumably  depending  upon  the  degree  of  lipid  solubili¬ 
zation  by  the  detergents.  The  potential  of  these  gap  junctions  for 
providing  high-resolution  structural  information  by  low-dose  electron 
imaging  is  yet  to  be  explored. 
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Plate  2 


Figure  4 

a.  The  optical  diffraction  pattern  corresponding  to  the  area 
enclosed  by  the  circular  mask  displayed  in  Figure  3.  The  diffraction 
pattern  can  be  indexed  on  a  hexagonal  lattice  of  lattice  constant 
approximately  8.2  nm,  and  extends  to  the  2,0  reflection.  In  a  few 
cases  (Fig.  4b)  the  diffraction  pattern  extends  out  to  the  3,0  reflec¬ 
tion. 


For  a  hexagonal  system: 

°  = b  X£  o 

a  =  / 3  =90 

y  =  120° 


The  dftki  spacing  formula  for  the  hexagonal  system: 

X  _  4(h2+  hk+  k2)  \_2 

dui  i  3  2  +  2 

hkl  6  a  c 


(a) 


Since  in  the  case  of  gap  junctions,  the  incident  electron  beam 
is  parallel  to  the  z  axis,  the  zone  axis  of  the  diffraction  pattern 
would  be  [001],  And  hence  I  index  for  all  the  diffraction  spots  would 

become  zero,  thereby  reducing  the  equation  (a)  to  the  following  form: 

2  2 
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In  some  preparations  gap  junctions  displayed  a  tendency  to 
curve  and  even  undergo  partial  vesi cul ari zati on  (Fig.  7).  This 
phenomenon  fortuitously  offered  the  edge-on  views  of  gap  junctions  in  a 
direction  nearly  parallel  to  the  plane  of  junctions,  thereby  providing 
the  density  variations  along  the  0,0  and  1,1  lattice  lines.  These 
images  displayed  the  2  nm  characeri st i c  "gap"  between  the  apposed 
plasma  membranes  forming  the  gap  junction,  clearly  delineated  by  the 
penetration  of  uranyl  acetate  into  this  region.  The  gap  was  traversed 
by  periodically  arranged  particles  surrounded  by  the  electron  dense 
stain.  The  tendency  to  curl  up  appears  to  be  markedly  pronounced  with 
prolonged  treatment  with  detergents  which  could  be  due  to  an  extensive 
removal  of  lipids. 

3. 3. 2. 2  X-ray  Diffraction  on  Partially  Oriented  Gap  Junctions 

When  the  plane  of  gap  junctions  in  partially  oriented  pellets 
was  nearly  parallel  to  the  incident  x-ray  beam,  the  x-ray  diffraction 
pattern  displayed  a  series  of  arcs  along  the  equator  and  diffuse 
maxima  along  the  meridian  (Caspar  et  al.,  1977  ;  Makowski  et  a  1  . ,  1977  ). 
The  equatorial  diffraction  from  the  membrane  corresponds  to  the  projec¬ 
tion  of  electron  density  along  the  unique  axis(z).  It  is  due  to 
"sampling"  of  molecular  transform  by  the  reciprocal  lattice  (Hosemann 
and  Bagchi  ,  1962;  Guiner,  1963  and  James  1965).  The  meridional 
diffraction  is  caused  by  the  electron  density  distribution  perpendicu¬ 
lar  to  the  plane  of  the  gap  junction.  The  crystalline  packing  of 
connexons  within  the  plane  of  the  gap  junction  gave  rise  to  the  arcs 
along  the  equator  which  could  be  indexed  on  the  basis  of  a  hexagonal 
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PI  ate  3 


Figure  5 

A  low-angle  X-ray  diffraction  pattern  of  partially  oriented  gap 
junctions.  The  X-ray  beam  was  parallel  to  the  plane  of  the  junctions. 
The  set  of  arcs  centered  on  equator  (1,0;  1,1;  2,0  and  2,1)  corresponds 
to  a  hexagonal  lattice  of  lattice  constant  approximately  8.2  nm.  The 
equatorial  diffraction  is  due  to  the  electron  density  distribution 
(sampled  on  a  hexagonal  lattice)  within  the  plane  of  the  gap  junction. 
Whereas  the  meridional  diffraction  is  due  to  the  electron  density  dis¬ 
tribution  perpendi cul ar  to  the  plane  of  the  gap  junction. 
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PI  ate  4 


Figure  6 

A  microdensitometer  recording  of  the  equator  of  the  diffraction 
pattern  displayed  in  Fig.  5.  The  arrows  mark  the  expected  positions  of 
the  reflections  from  a  hexagonal  lattice  with  the  lattice  constant  of 
8.178  nm.  The  position  of  2,1  reflection  departs  slightly  from  that 
calculated  and  is  shifted  towards  higher  radius. 


45 


600.00 


G) 
C  ) 


O 

o 


nj 
►-  -* 
o 


o 

o 


r\J 

O) 

o 

o 

o 


CO 

o 


o 

o 


ton 
>  JU 

Po 

ocn 


»o 


o 

o 


G> 

o 


o 

CD 


cn 

o 

o 

C) 


cn 

G1 

O 

O 

O 


O) 

60p\00 

o 

o 


Plate  5 


Figure  7 

Shows  a  negatively  stained  gap  junction  displaying  a  pronounced 
tendency  for  curling-up  on  the  edges.  The  arrow  points  at  the  edge-on 
view  of  the  gap  junction  structure.  Every  connexon  has  an  electron 
dense  spot  in  the  center  that  corresponds  to  the  putative  hydrophilic 
channel . 
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lattice.  In  the  pellets  of  partially  oriented  gap  junctions,  all  the 
rotational  orientations  of  scatterers  about  the  z  axis  are  equi-prob- 
able.  Hence,  the  observed  equatorial  intensity  would  be  a  circularly 
symmetric  (averaged)  function.  The  innermost  equatorial  arc  was  1,0 
reflection  (Figs.  5  and  6)  which  corresponded  to  the  six  innermost 
hexagonal  reflections  in  the  optical  diffraction  pattern  displayed  in 
Fig.  4.  The  next  arc  corresponding  to  the  1,1  reflection  was  due  to 
the  next  set  of  hexagonal  reflections  in  the  optical  diffraction 
pattern. 

The  remaining  two  equatorial  arcs  corresponding  to  2,0  and 
2,1  reflections  were  related  to  the  next  two  sets  of  hexagonal 
reflections,  respectively,  in  the  optical  diffraction  pattern.  That 
the  gap  junctional  lattice  is  hexagonal  became  evident  upon  the 
measurement  of  the  spacings  of  these  reflections.  The  diffraction 
pattern  displayed  in  Fig.  6  could  be  indexed  on  a  hexagonal  lattice 
with  lattice  constant  of  8.178  nm.  The  position  of  the  reflection 
2,1  departed  slightly  from  that  calculated,  and  was  shifted  to  a  higher 
radi us . 

3. 3. 2. 3  Molecular  Weight  Determination  by  SDS-PAGE 

The  anionic  detergent  sodium  dodecyl  sulphate  (SDS)  is  capable 
of  dissociating  complex  enzymes,  viruses  and  membranes  into  their  con- 
stuent  polypeptide  chains  (Weber  and  Osborn,  1975).  Polyacry 1  ami de  gel 
electrophoresis  in  the  presence  of  SDS  yields  the  molecular  weight 
dependent  separation  of  polypeptide  chains.  Therefore  SDS-PAGE  has 
proven  to  be  a  very  powerful  analytic  tool  for  investigating  complex 
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Plate  6 


Figure  8 

A  typical  SDS-polyacryl ami de  gel  el ectrophoretogram  of  gap 
junctions  obtained  form  mouse  liver.  Gel  was  stained  with  silver  stain; 
track  A,  standard  proteins,  the  number  shows  mol.  wt.  =  X  1000  daltons; 
B,  gap  junctional  proteins  displaying  a  prominent  component  of  approxi¬ 
mately  26,000  daltons  (balck  circle),  and  a  diffuse  component  in 
approxi mately  43,000  dalton  region  (marked  by  a  white  arrow  diffuse 
component  could  not  be  reproduced  photographi cal ly ) ;  C,  displays  a  band 
of  Q^-chymotrypsi nogen  A  of  26,000  mol.  wt.,  that  comigrates  with  the 
gap  junctional  polypeptide. 
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mixtures  of  membrane  proteins.  A  detailed  account  of  the  theoretical 
considerations  underlying  the  determination  of  molecular  weights  by 
SDS-PAGE  is  given  in  appendix  "B". 

3. 3. 2. 3  Polypeptide  composition  of  gap  junctions 

Initially  it  was  observed  that  the  conventional  method  of 
solubilization  of  samples  by  heating  at  100°C  for  about  2-3  minutes  in 
the  presence  of  sample  buffer  failed  to  solubilize  a  substantial 
fraction.  Whereas  solubilization  at  room  temperature  for  30  minutes 
was  effective  in  solubilizing  most  of  the  sample,  as  first  pointed  out 
by  Henderson  et  al.,  (1979).  In  addition,  the  aggregation  could 
further  be  reduced  by  running  the  SDS-PAGE  immediately  following  the 
isolation  of  gap  junction  fractions. 

The  polypeptides  comprising  gap  junctions  as  characteri zed  by 
SDS-PAGE  are  displayed  in  Fig.  8.  There  was  a  predominant  component  of 
apparent  molecular  weight  of  26000  which  comigrated  with  a-chymotryp- 
sinogen  A  with  variable  amounts  of  additional  material  in  the  43000 
apparent  molecular  weight  region  co-migrating  with  ovalbumin.  No  low 
molecular  weight  components  were  observed. 

3.4  Pi scussi on 

The  major  problem  inherent  in  the  in  vitro  studies  on  gap  junc¬ 
tions  is  the  absence  of  any  biological  assay  to  evaluate  the  purity  and 
assess  the  degree  of  preservation  of  the  isolated  fractions.  This 
results  from  the  insufficient  information  about  their  physiological 
role.  As  yet  no  endogenous  activity,  that  could  have  been  exploited  in 


52 


developing  some  type  of  bio-assay,  has  been  detected  in  the  gap  junc¬ 
tions.  Therefore  morphological  criterion  is  the  only  assay  for  evalua¬ 
ting  the  purity  and  preservation  of  the  isolated  gap  junctions.  How¬ 
ever,  the  morphological  examination  can  only  reveal  gross-contami nati on 
by  material  of  non-juncti onal  origin  and  it  does  not  serve  as  a 
sufficiently  sensitive  monitor  of  structural  preservation. 

The  isolation  protocol  developed  and  described  in  detail  in 
Section  3.2.2  produces  exceptionally  high  yields  of  gap  junctions 
(200-400  jug  protein/40  animals)  that  compare  well  with  a  procedure  due 
to  Fallon  and  Goodenough  (1981).  The  isolated  fractions  are  morpholog¬ 
ically  highly  enriched  with  gap  junctions  with  very  little  amorphous 
contaminants.  The  gap  junctions  are  relatively  abundant  in  liver  and 
occupy  about  1.5%  of  the  surface  area  of  the  rat  liver  hepatocyte  mem¬ 
branes  (Yee  and  Revel,  1978).  About  200-400  ^g  of  gap  junctions  can 
be  obtained  starting  with  100-200  mg  of  plasma  membranes/40  mice. 

Based  on  the  approximation  that  the  protein  is  uniformly  distributed 
within  the  membrane,  the  recovery  of  gap  junctions  turns  out  to  be  of 
the  order  of  13%  to  26%.  The  presence  of  1  mM  EGTA  throughout  the 
isolation  protocol  results  in  such  high  yields  of  gap  junctions  as 
first  documented  by  Fallon  and  Goodenough  (1981).  The  solubilization 
of  non-juncti  onal  membrane  is  optimal  at  low  ionic  strength  and 
slightly  alkaline  pH,  which  also  eliminates  potential  contamination  by 
otherwise  detergent  resistant  uricase  cores.  The  presence  of  EGTA  at 
this  stage  avoids  the  aggregation  of  non-sol ubi 1 i zed  debris.  The 
collagen  fibres  appear  to  undergo  strong  association  with  n-dodecanoyl 
sarcosine,  an  anoinic  detergent  employed  for  solubilizing  the 
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the  non-juncti onal  plasma  membranes.  This  binding  presumably  "swamps 
out"  the  intrinsic  charge  of  collagen  fibres  and  imparts  an  approxi¬ 
mately  constant  negative  charge  per  unit  mass.  These  negatively 
charged  collagen  fibres  serve  almost  like  a  "charged  sieve"  and  trap 
most  of  the  gap  junctions,  unless  somehow  removed.  A  low  speed  centri¬ 
fugation  (SS-34  rotor,  3100  rpm,  10  min.)  is  used  to  pellet  down  the 
collagen  fibres,  while  the  gap  junctions  still  remain  in  the  suspen¬ 
sion. 

The  use  of  detergents  to  solubilize  non-juncti onal  membrane  has 
been  employed  to  advantage  by  others.  The  detergents  employed  for  this 
purpose  have  included  deoxychol ate ,  Sarkosyl  (NL-97),  Triton  X  100, 

Brij  58  and  Lubrol  WX  (Benedetti  and  Emmelot,  1968;  Zampighi  and  Unwin, 
1979;  Goodenough  and  Stoeckenius,  1972;  Hertzberg  and  Gilula,  1979; 
Henderson  et  al.,  1979;  Fallon  and  Goodenough,  1981).  In  the  present 
procedure,  an  anionic  detergent  n-dodecanoyl  sarcosine  is  initially 
employed  to  solubilize  most  of  the  non-juncti  onal  plasma  membrane 
(about  90-95%  of  the  total  protein).  Subsequently  treatments  with  non¬ 
ionic  detergents  Brij  35,  Brij  58  and  W-l  cause  an  increased  solu¬ 
bilization  of  some  of  the  gap  junctional  lipid  and  thereby  induce 
closer  packing  of  connexons  as  evidenced  by  a  lattice  constant  that 
varies  over  7. 6-8. 4  nm  as  compared  to  8. 0-8. 8  nm  observed  in  gap  junc¬ 
tions  isolated  by  using  only  sarkosyl  (Caspar  et  al.,  1977).  Centrifu¬ 
gation  in  a  sucrose  step  gradient  finally  yields  the  purified  gap  junc¬ 
tions.  The  presence  of  1  mM  EGTA  and  0.1  mM  1-0-n-octyl-  (5-D-gluco- 
pyranoside  (an  non-ionic  detergent)  in  the  step  gradient  enhances  the 
recovery  and  purity.  The  final  preparation  suffers  from  very  little 
contami nati on  by  amorphous  material. 
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Electron  microscope  images  of  negatively  stained  gap  junctions 
display  the  characteri sti c  hexagonal  arrays  of  connexons.  Each 
connexon  is  well -demarcated  by  the  negative  stain  (uranyl  acetate) 
located  both  at  the  center  and  at  the  perimeter.  However,  the  stain  is 
more  accumulated  at  the  center  (six-fold  axis  of  symmetry)  than  at  the 
periphery  thereby  giving  it  an  annular  shape.  The  accumulation  of 
stain  at  the  six-fold  axis  is  about  1.5  to  2.0  nm  in  diameter  and 
corresponds  to  the  putative  hydrophilic  channel.  Lattice  constant  of 
the  hexagonal  arrays  of  connexons  varies  from  approximately  7. 6-8. 4  nm 
as  measured  by  optical  diffraction  analysis.  In  the  high-dose  electron 
micrographs  of  negatively  stained  gap  junctions,  the  diffraction 
patterns  extend  to  2,0  reflection  (except  in  a  few  cases  where  the 
diffraction  patterns  extends  out  to  the  3,0  reflection).  It  appears  as 
if  the  increased  solubilization  of  some  gap  junctional  lipid  upon 
prolonged  treatments  with  detergents  results  in  greater  close-packing 
of  connexons.  The  potential  of  these  gap  junctions  of  providing 
high-resolution  structural  information  by  low-dose  electron  imaging 
techniques  is  yet  to  be  explored. 

A  more  objective  estimate  of  the  lattice  constant  of  these  gap 
junctions  has  been  obtained  by  X-ray  diffraction,  which  revealed  a 
lattice  constant  of  8.2  nm.  All  the  equatorial  reflections  could  be 
indexed  on  a  hexagonal  lattice  extending  out  to  2,1  reflection  which 
appears  to  be  slightly  shifted  to  a  higher  radius  from  its  calculated 
position.  A  similar  observation  has  also  been  made  by  Makowski  et  a  1 . , 
(1977)  in  their  original  analysis  of  X-ray  diffraction  from  partially 
oriented  gap  junctions.  They  attributed  to  it  "strong  diffraction 
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falling  slightly  off  the  equator  on  the  lattice  line  corresponding  to 
the  2,1  reflection".  However,  a  detailed  explanation  emerged  only 
after  a  three-dimensional  map  of  gap  junction  at  1.8  nm  was  calculated 
by  Unwin  and  Zampighi  (1980)  who  analysed  the  low-dose  electron 
micrographs  of  negatively  stained  gap  junctions  by  Fourier  methods. 

The  continuous  variation  of  amplitude  and  phase  determined  along  1,2 
reciprocal  lattice  line  calculated  after  collecting  the  three-dimen¬ 
sional  data,  revealed  that  this  line  was  peaked  away  from  equator.  And 
the  transition  onto  the  second  "B"  form  of  gap  junctions  (presumably  in 
an  uncoupled  state)  rendered  the  off-axial  peaks  on  1,2  and  2,1  lattice 
lines  into  a  single  peak  on  the  equator.  Whereas  the  equatorial  peak 
on  1,1  lattice  line  changed  into  two  slightly  off-axial  ones,  upon 
transition  (Unwin  and  Zampighi,  1980).  Electron  images  of  gap  junc¬ 
tions  displayed  that  the  connexons  are  linked  in  pairs.  Since  the  two 
units  of  a  pair  were  generally  considered  to  be  equivalent,  they  must 
be  related  by  a  two-fold  axis  parallel  to  the  plane  of  gap  junction  at 
the  middle  of  the  gap.  Since  each  connexon  had  six-fold  rotational 
symmetry  and  the  pair  were  spatially  disposed  with  their  six-fold  axes 
coincident,  the  assembly  had  a  point  group  symmetry  622  (having  six 
two-fold  axes  perpendi cul ar  to  the  six-fold  axis).  Upon  arraying  these 
units  in  a  hexagonal  lattice  with  the  effect  that  all  two-fold  axes 
lined  up,  a  two-dimensional  plane  group  P622  was  generated  (Caspar  et 
al.,  1977;  Unwin  and  Zampighi,  1980).  However,  the  amplitude  and  phase 
curves  displayed  minor  deviations  from  the  symmetry  expected  of  the 
space  group  P622.  Consequently  the  two  halves  of  gap  junctions 
disposed  oppositely  were  considered  to  be  only  nearly  equivalent  (Unwin 
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and  Zampighi,  1980).  This  conclusion  was  supported  by  quite  symmetri¬ 
cal  optical  diffraction  patterns  obtained  from  the  electron  micrographs 
of  negatively  stained  gap  junctions,  which  displayed  equally  strong  2,1 
and  1,2  reflections,  having  nearly  the  same  phases. 

Some  gap  junctions  displayed  a  marked  propensity  for  curving  up 
and  even  to  vesiculate.  These  gap  junctions  fortuitously  provided  the 
edge  on  views  in  a  direction  nearly  parallel  to  the  plane  of  gap  junc¬ 
tions.  These  views  also  provided  the  variations  along  1,1  and  0,0 
lattice  lines  (Unwin  and  Zampighi,  1980).  The  connexons  appeared  to 
bridge  the  two  apposed  plasma  membrane  separated  by  a  2  nm  gap.  The 
trans juncti onal  densities  visualized  in  the  edge-on  views  of  gap 
junctions  initially  stimulated  a  number  of  attempts  to  interpret  them. 
Goodenough  (1976)  and  Hertzberg  and  Gilula  (1979)  have  attempted  to 
correlate  these  densities  with  the  aqueous  channels  running  across. 
Recently,  Zampighi  et  al.,  (1980)  have  studied  the  distribution  of 
stain  within  rat  liver  gap  junctions  visualized  by  thin  sectioning  and 
negative  staining.  The  stain  appeared  to  accumulate  around  the 
connexons  in  the  extracel 1 ul ar  space  between  the  apposed  plasma 
membranes.  The  other  location  permeated  by  the  stain  existed  along  the 
axis  of  each  connexon,  measures  1-2  nm  in  diameter  and  4-5  nm  in 
length,  and  it  was  restricted  to  the  gap  region.  Only  very  rarely, 
thin  linear  electron  densities  hardly  distinguishable  seemed  to 
traverse  the  entire  width  of  gap  junctions.  It  seemed  evident  that  a 
hydrophilic  cavity  existed  along  the  six-fold  axis  of  connexon  limited 
to  the  gap  region  in  most  of  the  cases.  To  what  linear  extent  did  this 
cavity  extend  further  along  the  axis  of  connexon,  remained  uncertain. 
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What  causes  the  curvature  in  the  gap  junctions?  It  is  evident 
that  in  case  of  the  curved  gap  junctions,  the  paired  connexons  can  only 
be  related  by  local  two-fold  axis  (Caspar  et  al.,  1977).  Treatment 
with  trypsin  has  been  reported  to  induce  the  formation  of  vesicles  or 
curved  sheets  (Goodenough,  1976).  In  general,  the  proteolysis  of  the 
gap  junction  fractions  has  been  claimed  to  be  an  important  factor  in 
generating  vesiculated  forms.  The  gap  junctions  isolated  by  Zampighi 
and  Unwin's  (1979)  method  display  no  detectable  sign  of  proteolysis  as 
evidenced  by  SDS-polyacryl ami de  gel  el ectrophoreti c  analysis  of  the 
isolated  fractions  and  they  also  appear  to  lie  as  flat  sheets  on  the 
grids.  Recently,  Baker  et  al.  (1983)  have  claimed  that  the  gap  junc¬ 
tion's  two  halves  are  non-equivalent.  They  have  studied  gap  junctions 
isolated  from  mouse  liver  following  the  procedure  due  to  Fallon  and 
Goodenough  (1981)  by  low-dose  electron  microscopy  of  negatively  stained 
preparati ons.  The  projected  images  of  hexagonal  gap  junctional  lattice 
display  skewed  hexameric  connexons.  This  skewing  of  the  hexameric 
connexons  has  been  taken  to  suggest  that  the  pair  of  hexagonal  arrays 
of  connexons  that  form  the  gap  junction  may  be  structurally  non¬ 
equivalent.  These  preparations  have  suffered  endogenous  proteolysis  as 
documented  by  SDS-polyacryl ami de  gel  data.  Clearly,  proteolysis  may 
play  a  role  in  inducing  the  formation  of  curved  sheets  of  gap 
junctions.  But  the  role  played  by  the  detergent  used  for  isolation  and 
lipids  intrinsic  to  the  gap  junctional  bilayer  has  not  as  yet  been 
studied.  It  has  been  reported  that  lyotropic  detergents  may  exert  a 
pressure  for  increasing  curvature  in  the  bilayer  on  account  of  their 
"wedge"  shaped  structure  (Haydon  and  Taylor,  1963)  and  may  thus  result 
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in  the  generation  of  smaller  mixed  micelles.  Whereas  bile  salts  may 
"chop  up  the  bilayers"  into  disc-like  fragments  with  bile  salt  mole¬ 
cules  lining  up  on  the  hydrophobic  edges  (Helenius  and  Simons,  1975) 
(see  appendix  "A").  The  gap  junctions  isolated  by  employing  the  pre¬ 
sent  isolation  procedure  do  not  detectably  suffer  from  endogenous  pro¬ 
teolysis,  and  yet  some  of  them  display  marked  curvature.  Perhaps  it  is 
a  consequence  of  using  lyotropic  detergents  as  discussed  above.  Yet 
another  factor  which  may  be  potentially  responsible  for  inducing  the 
curvature  is  the  degree  of  selective  removal  of  lipids  by  various 
detergents. 

These  possibilities  demand  further  experimental  verification  to 
elaborate  their  respective  role(s). 

The  characterization  of  the  number  and  the  molecular  weight(s) 
of  the  constituent  polypeptides  of  gap  junctions  has  been  a  subject  of 
much  debate.  The  present  isolation  protocol  eliminates  the  use  of  exo¬ 
genous  proteases  and  treatment  with  urea.  Furthermore,  protease  inhib¬ 
itors  such  as  phenylmethyl  sulphonyl  fluoride  and  p-chl oromercuri benzo¬ 
ate  were  always  employed.  In  SDS-polyacryl ami de  gel  electrophoresis 
these  gap  junctions  display  a  predominant  component  of  apparent  molecu¬ 
lar  weight  (Mr)  26,000  and  a  slower  running  component  of  43,000  Mr 
represented  by  a  broad  diffuse  band.  Henderson  et  a  1  . ,  (1979)  have 
analysed  the  polypeptide  composition  of  mouse  liver  gap  junctions 
isolated  by  a  nonenzymatic  protocol  involving  the  solubilization  of 
non-juncti onal  plasma  membrane  by  Triton  X  100.  They  described  two 
components;  a  major  component  of  Mr  26,000  and  a  minor  component  with 
an  21,000  Mr.  They  also  resolved  components  of  Mr  45,000  and  50,000 
respecti vely . 
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Some  broad  diffuse  bands  in  the  region  of  Mr  70,000-80,000  and  90,000- 
110,000  Mr  were  also  discernible.  An  important  characteristic  of  these 
two  Mr  26,000  and  21,000  components  has  been  described  by  Henderson  et 
al.  (1979).  These  two  components  displayed  a  strong  propensity  to  form 
multimers  in  SDS;  initially  they  formed  only  homodimers  but  with  time 
they  formed  multimers  too.  Heterodimer  formation  was  never  observed. 
The  aggregation  of  these  components  in  SDS  is  enhanced  upon  heating 
generally  used  for  achieving  solubilization.  This  observation  has  a 
profound  implication  in  attempting  to  rationalize  the  often  conflicting 
literature  on  the  gap  junctional  polypeptides.  Therefore  it  seems 
reasonable  to  assume  that  the  43,000  Mr  is  a  dimer  of  two  21,000  Mr 
polypeptides.  Hertzberg  and  Gilula  (1979)  have  observed  a  Mr  27,000 
component  together  with  a  broad  diffuse  band  in  the  Mr  47,000  region. 
The  diffuse  Mr  47,000  band  appeared  to  have  several  discrete  protein 
bands  in  this  molecular  weight  range.  Attempts  to  demonstrate  the 
glycosyl ati on  of  these  components  have  always  yielded  negative  results. 
A  number  of  workers  have  reported  on  the  existence  of  a  27,000  Mr  poly¬ 
peptide  as  a  major  component  of  gap  junctions  (Duguid  and  Revel,  1975; 
Dunia  et  al.,  1974).  Based  upon  studies  on  mouse  hepatocyte  gap  junc¬ 
tions,  Culvenor  and  Evans  (1977)  have  concluded  that  all  the  components 
with  molecular  weight  less  that  38,000  Mr  are  due  to  proteolysis.  How¬ 
ever,  in  view  of  the  fact  that  these  authors  could  not  obtain  highly 
enriched  fractions  of  gap  junctions  in  the  absence  of  proteolysis,  this 
claim  appears  to  be  unreliable  and  probably  more  so  in  the  face  of  a 
large  number  of  bands  resolved  on  their  gel  that  renders  such  an 
absolute  assignment  arbitrary.  Similarly  it  is  difficult  to  explain 
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the  results  of  Ehrhart  and  Chauveau  (1977)  who  have  reported  that  a 
34,000  Mr  component  was  the  only  component  present  in  morphologically 
enriched  gap  junction  fractions  obtained  using  collagenase.  Perhaps 
this  has  been  caused  by  both  the  proteolysis  and  the  aggregation  of  the 
resulting  polypeptide(s )  in  SDS.  Zampighi  and  Unwin  (1979)  have 
reported  a  30,000  Mr  component  as  the  constituent  polypeptide  of  gap 
junctions  isolated  from  rat  liver  using  deoxycholate  and  Lubrox  WX. 

The  higher  molecular  weight  components,  probably  representing  aggre¬ 
gates,  were  also  observed.  Finbow  et  al.,  (1980)  have  provided  further 
support  for  the  notion  that  the  major  gap  junctional  polypeptide  has  a 
molecular  weight  of  26,000  Mr  (from  rat  liver). 

Recently  Nicholson  et  al.  (1981)  have  carried  out  peptide  map¬ 
ping  and  partial  sequencing  of  the  NH2-terminal  52  amino  acids  of  a 
gap  junctional  polypeptide  of  molecular  28,000  Mr.  Two-dimensional 
peptide  mapping  has  indicated  that  all  of  the  polypeptides  present  in 
the  purified  gap  junction  fractions  are  derived  from  28,000  Mr  poly¬ 
peptide  except  for  the  contaminants  which  can  be  recognized.  Upon 
treatment  with  trypsin  this  is  reduced  to  two  10,000  Mr  peptides  which 
are  highly  hydrophobic  as  judged  by  peptide-mapping  and  amino  acid 
analysis.  Since  the  C00H  terminal  is  susceptible  to  proteolysis  by 
trypsin,  it  must  be  localized  at  the  cytoplasmic  face.  On  the  other 
hand  the  NH2  terminal  remains  unaffected  and  therefore  it  must  be 
inaccessible  to  trypsin.  The  NH2-terminus  sequence  of  52  residues 
displays  a  highly  hydrophobic  stretch  of  18  residues  after  initial 
uncharged  14  residues,  interrupted  by  a  single  charged  Arg-32  and 
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flanked  at  the  NH2  terminus  by  three  basic  residues  and  at  the  COOH 
terminus  by  three  acidic  residues. 

The  gap  junctional  polypepti de (s )  has  a  rather  short  half-life 
in  comparison  to  other  plasma  membrane  proteins  from  liver  which  turn¬ 
over  slowly.  The  half-life  of  a  21,000  Mr  polypeptide  from  mouse  liver 
gap  junctions  has  been  reported  to  be  5  hours  (Fallon  and  Goodenough, 
1981).  Such  a  rapid  turnover  has  been  implicated  in  the  regulation  of 
intercellular  communication  at  the  level  of  protein  synthesis  and 
breakdown  rather  than  a  reversible  physical  opening  and  closing  of 
channels  at  the  level  of  individual  connexons. 

3.5  Epi 1 ogue 

3.5.1  A  Speculative  Discourse  on  the  Secondary  Structure  of 
Connexi  n 

In  the  absence  of  any  detailed  three-dimensional  structure  of 
the  low  resistance  channels  at  molecular  level,  the  nature  of  the 
secondary  structure(s)  sustaining  the  channel  architecture  can  only  be 
speculated.  In  case  of  the  integral  membrane  proteins,  the  requirement 
for  maximizing  hydrogen  bonding  can  be  satisfied  only  when  the  regions 
of  polypeptide  chain  which  interact  with  the  lipid  hydrocarbon  domain 
adopt  regular  secondary  structures.  Three  types  of  regular  secondary 
structure  are  accessible  to  the  membrane  intercalated  portion  of 
integral  membrane  proteins:  the  a-helix,  the  j3-pleated  sheet  and  the 
p-hel i ces  (Kennedy,  1978).  The  presence  of  a-helices  in  the  gap  junc¬ 
tion  has  been  reported  by  Makowski  et  al.  (1977)  based  upon  the  results 
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of  X-ray  diffraction  studies  on  partially  oriented  preparations.  A 
broad  band  of  continuous  intensity  at  about  1  nm  spacing  on  the  equator 
was  considered  as  a  diagnostic  feature  for  the  presence  of  a -helices 
oriented  within  20°  of  the  perpendi cul ar  to  the  plane  of  the  gap 
junction.  Later  on  Makowski  et  al .  (1982)  have  claimed  the  presence  of 
cross-  6  conformation  in  the  gap  junction  protein.  This  assignment  was 
based  upon  the  presence  of  strong  diffraction  centered  at  0.47  nm 
spacing  on  the  meridian,  and  at  approximately  1  nm  spacing  on  the 
equator.  In  the  cross-  b conf ormati on ,  the  polypeptide  chain  direction 
is  transverse  to  the  fibre-axis  (Fraser  and  MaRae,  1973)  and  in  case  of 
the  gap  junction  it  implies  that  the  chain  direction  is  parallel  to  the 
plane  of  the  junction.  Cross-  6  conformation  has  also  been  reported  in 
the  phage  T4  tail  fibres  (Earnshaw  et  al.,  1979)  where  it  facilitates 
the  formation  of  structurally  rigid  dimers.  That  the  regions  of 
6  -sheet  possess  a  strong  propensity  for  pairing  is  demonstrated  by  the 
structures  of  concavalin  A  (see  the  concavalin  A  dimer  structure,  Reeke 
et  al.,  1975),  tomato  bushy  stunt  virus  (which  displays  the  dimer 
contacts  between  the  tomato  bushy  stunt  virus  coat  protein  subunits, 
Harrison  et  al.,  1978)  and  the  phage  T4  fibre  (Earnshaw  et  al . ,  1979). 
It  has  been  argued  (Earnshaw  et  al.,  1979)  that  this  potential  for 
pairing  is  inherent  in  (3  -pleated  sheets  due  to  two  structural  peculi¬ 
arities.  First,  the  extended  flat  structure  of  the  sheets  offers  only 
small  steric  hindrances  and  facilitates  packing  by  affording  to  make 
many  more  contacts  in  the  packed  sheets.  Second,  the  /3 -pleated  sheets 
are  sided  in  that  they  have  a  front  and  a  back  and  tend  to  have  a 
hydrophobic  side  and  a  hydrophilic  side,  a  configuration  that  would 
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facilitate  pairing  (Earnshaw  et  al.,  1979).  The  implication  for  the 
structure  of  the  gap  junction  is  evident  as  the  channel  is  formed  by 
the  connexon  pair  disposed  with  their  six-fold  axes  coincident  and 
related  by  a  two-fold  axis  parallel  to  the  plane  of  the  gap  junction. 
The  application  of  Chou  and  Fasman's  (1974)  algorithm  permits  the 
prediction  of  the  secondary  structure  from  primary  sequences.  Such  an 
application  to  the  known  sequence  of  50  NH 2  terminal  amino  acids  in 
connexin,  reveals  the  possibility  of  a  p -pleated  sheet  conformation  in 
the  hydrophobic  region  of  the  protein  (Nicholson  et  al.,  1981).  If  the 
secondary  structure  of  the  connexin  is  of  p-pleated  sheet  type, 
only  15  residues  would  be  required  for  spanning  the  lipid  bilayer  and 
only  one  charged  Arg-32  would  have  to  be  buried  in  the  hydrophobic 
region  (Nicholson  et  al.,  1981).  However,  the  charged  residues  can 
participate  in  the  transmembrane  ion-pair  formation  with  the  residues 
of  other  strands  (Englemann  et  al.,  1980).  At  present  these  models  are 
speculative.  Besides,  Chou  and  Fasman  algorithm  for  predicting  the 
secondary  structure  is  based  upon  the  data  derived  from  soluble 
proteins  and  hence  is  liable  to  make  spurious  predictions  in  case  of 
the  integral  membrane  proteins  as  evidenced  by  its  application  to  E . 
col i  protein  I  (Chen  et  al.,  1979). 

^-barrels  can  accommodate  as  few  as  5  and  as  many  as  13 
strands;  and  their  cross-section  remains  more  or  less  invariant  regard¬ 
less  of  the  strand  number  due  varying  of  strand  twist  around  the  barrel 
(Richardson,  1981).  An  interesting  8-stranded  parallel  p-barrel 
composed  of  straight  helical  chain  has  been  documented  by  Salemme  and 
Weatherford  (1981a):  the  crossing  polypeptide  chain  conformations  have 
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been  adjusted  to  generate  a  structure  whose  inherent  twist  produces  the 
required  cylindrical  pitch  and  curvature.  There  is  no  appreciable 
effect  on  the  quality  of  interchain  hydrogen  bonds.  The  diameter  of 
this  cylinder  is  approximately  1.6  nm,  a  figure  close  to  the  size  of 
gap  junctional  aqueous  channel  as  determined  by  flourescent  tracer 
methods  (Loewenstei n ,  1981).  However,  the  interiors  of  /e-barrels  of 
water  soluble  proteins  have  been  found  to  be  packed  with  hydrophobic 
side  chains,  a  feature  that  would  be  difficult  to  reconcile  with  their 
presumed  role  of  functioning  as  aqueous  channels  in  the  biomembranes. 
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4.  IN  SITU  STRUCTURAL  STUDIES 


4. 1  Introducti on 

The  extent  of  intercellular  coupling  mediated  by  gap  junctions 
is  susceptible  to  a  number  of  factors  that  perturb  the  intracellular 
milieu.  For  instance,  coupling  is  extremely  labile  in  the  face  of  cell 
injury  (Loewenstei n ,  1981);  and  procedures  involving  changes  in  cell 
metabolism  are  likely  to  abolish  coupling  rapidly.  Since  the  isolation 
procedures  involve  homogenization  of  the  tissue  as  the  very  first  step 
(which  breaks  the  tissues  and  ruptures  the  cell  membranes)  it  is 
reasonable  to  ask  if  the  isolated  gap  junctions  differ  in  anyway  from 
their  in  situ  counterparts .  A  number  of  workers  claim  that  the  con- 
nexons  in  the  isolated  gap  junctions  are  in  their  closed  state 
(uncoupled;  Peracchia,  1980;  Makowski  et  a  1  . ,  1982).  For  example,  an 
analysis  of  gap  junctions  suspended  in  50%  sucrose  by  employing 
lowangle  x-ray  diffraction  has  shown  that  sucrose  can  easily  enter  into 
the  extracellular  gap  but  fails  to  enter  into  the  channel.  This 
evidence  has  been  taken  to  suggest  that  the  isolated  gap  junctions  in 
this  study  are  in  an  uncoupled  state  (Makowski  et  al.,  1982). 

Obviously,  a  greater  understanding  of  the  structural  dynamics  of  these 
communicating  channels  can  be  availed  by  a  knowledge  of  their  in  situ 
structural  configurations  as  a  function  of  various  physiological 
effectors.  The  f reeze-f racturi ng  technique  is  unique  in  providing  the 
structural  correlates  of  various  functional  state(s)  of  gap  junctions 
(Peracchia,  1980).  It  has  been  demonstrated  that  the  treatments  that 
uncouple  the  gap  junctions  also  induce  the  i ntramembranous  particles 
(correspond!'  ng 
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to  the  connexons)  to  pack  into  tight  and  more  crystalline  arrays 
(Peracchia,  1980).  However  all  these  studies  have  employed  the 
conventional  chemical  fixation  (usually  with  gl utaral dehyde )  and 
cryoprotecti ve  treatment  (with  glycerol).  Treatment  with  chemical 
fixatives  may  not  preserve  the  in  situ  state  of  the  molecules  in 
biomembranes.  Besides,  gl utaral dehyde  fixation  has  also  been  shown  to 
uncouple  the  cells,  as  monitored  by  el ectrophysi ol ogi cal  methods 
(Bennett  et  a  1  . ,  1972).  Therefore,  it  remains  to  be  determined  if  the 
gl utaral dehyde  fixation  causes  any  structural  changes  in  the  gap 
junctions.  Even  the  conventional  methods  of  freezing  at  -150°C  do  not 
arrest  the  molecular  motions  during  cooling  and  hence  may  allow 
molecular  rearrangements  (Costello  et  a  1 . ,  1982). 

In  order  to  avoid  the  possibility  of  artifacts  caused  by  both 
the  conventional  freezing  and  the  chemical  fixation  (by  glutaralde- 
hyde),  the  technique  of  rapid  freezing  (Van  Harreveld  et  al.,  1965)  has 
been  employed  in  the  present  study  to  investigate  the  connexon  sub¬ 
structure  j_n_situ_.  Rotary  shadowing  in  combination  with  rapi d-f reezi ng 
and  f reeze-f racturi ng  has  proven  valuable  in  resolving  the  subunit 
structure  of  connexons.  This  has  also  permitted  an  enquiry  into  the 
effect  of  gl utaral dehyde  fixation  on  the  structure  of  the  gap  junc¬ 
tions. 

4.2  Materials  and  Methods 

4.2.1  Freeze-Fracturi ng  and  Etching: 

Small  pieces  of  liver  from  2  month  old  albino  mice  were  quickly 
frozen  within  approxi mately  30  seconds,  without  any  chemical  fixation 
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or  cryoprotecti on ,  by  dropping  them  onto  a  polished  silver  block  cooled 
to  about  <-196°C  by  liquid  ^  (Van  Harreveld  et  al . ,  1965).  The  rate 
of  cooling  in  this  technique  is  very  fast  compared  to  that  when  the 
material  is  frozen  by  immersion  in  liquid  coolants.  The  reason  for 
this  difference  lies  in  the  fact  that  the  metals  have  a  higher  thermal 
diffusivity  than  liquids  and  do  not  volatilize  to  form  insulating 
gaseous  jackets  around  the  specimen  (Heuser  et  al.,  1979;  Carlsaw  and 
Jaeger,  1974).  Frozen  tissue  pieces  were  transferred  to  a  Balzers  BA 
360  M  high  vacuum  freeze-etching  apparatus  (Balzers  AG,  Liechtenstein) 
equipped  with  an  electron-beam  evaporation  unit  and  a  quartz-crystal 
for  monitoring  the  film  thickness.  Samples  were  f reeze-f ractured  and 
etched  at  -100°C  for  2  min.  at  a  vacuum  of  2  x  10"^  torr  or 
better.  Rotary  shadowed  replicas  were  prepared  according  to  the 
standard  methods  (Margaritis  et  al . ,  1977;  Tewari  and  Malhotra,  1978). 
Platinum-carbon  was  evaporated  (at  30°  angle)  so  as  to  cause  a  frequen¬ 
cy  shift  of  400  Hz  in  a  quartz-crystal  monitor.  This  corresponds  to  a 
film  thickness  of  about  4.5  nm  (electron  beam  evaporation  equipment  EVM 
052  with  electron  beam  gun  EK552,  operating  instructions  BB  200048  BE, 
Balzers,  Liechtenstein,  p.1-18). 

To  study  the  effect  of  fixation,  pieces  of  mouse  liver  were 
fixed  with  2.5%  gl utaral dehyde  in  0.1  M  cacodylate  buffer  (pH  7.4)  at 
room  temperature  for  various  time  intervals  and  thereafter  rapid  frozen 
and  f reeze-f ractured  as  described  above.  For  conventional  freeze- 
fracturing,  the  pieces  of  liver  were  infiltrated  with  glycerol  (25%)  in 
0.1  M,  cacodylate  buffer  (pH  7.4)  after  fixation  in  gl utaral dehyde. 
Samples  were  frozen  in  liquid  Freom  22,  transferred  to  liquid  ^  and 
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then  freeze-fractured  as  described  above.  For  comparative  purposes, 
fixation  with  2.5 %  gl utaral dehyde  in  phosphate  buffer  (pH  7.4)  was  also 
i nvesti gated. 

4.2.2  Electron  Microscopy: 

The  replicas  were  examined  in  a  Philips  EM  300  or  a  EM  400  T 
electron  microscope  equipped  with  a  goniometer  stage  and  operated  with 
a  liquid  N2  cooled  anti contami nati on  device. 

All  the  electron  micrographs  were  enlarged  to  the  same  final 
magni fi cati on  before  any  measurements  were  made.  A  Carl  Zeiss  digital 
image  analyzer  (MOP-3)  was  employed  for  the  measurement  of  centre-to- 
centre  spacings  between  the  connexons  (at  a  final  magnification  of 
332,000X).  Cent re-to-centre  distances  between  the  adjacent  connexons 
(generally  nearest  neighbours  along  the  three  directions  at  approxi¬ 
mately  120°  to  each  other)  were  measured.  A  distribution  analysis 
program  of  MOP-3  was  used  to  calculate  the  arithmetic  mean  and  standard 
deviation  and  the  frequency  distribution  of  the  i nterconnexon  spac¬ 
ings. 

4.2.3  Rotational  Filtering: 

For  the  analysis  of  the  rotational  symmetry  of  connexons,  the 
electron  micrographs  of  connexons  (original  magnification  63,000  to 
80,000X)  were  photographi cal ly  enlarged  and  printed  on  film  in  reverse 
contrast.  These  negatives  were  then  used  to  evaluate  the  rotational 
symmetry  of  connexons  by  Markham's  rotational  filtering  technique 
(Markham  et  al . ,  1963) . 
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4.3  Results  and  Interpretati on 

4.3.1  Background  to  the  Interpretati on  of  Results 

4.3. 1.1  The  Case  for  Physical  Fixation  by  Freezing 

During  the  process  of  f reeze-f racturi ng,  a  frozen  sample  is 
fractured  and  a  Pt-C  replica  of  the  fracture  face  is  prepared  while  the 
sample  is  still  in  the  frozen  state.  In  freeze-etching,  the  fracturing 
is  followed  by  etching  in  which  some  of  the  ice  is  sublimed  away.  In 
the  conventional  freeze-etching,  chemical  fixatives  (multifunctional 
cross-liking  agents  such  as  glutaral dehyde)  are  employed  to  arrest  the 
detailed  molecular  organization  of  the  native  specimen.  However  this 
treatment  may  not  altogether  eliminate  the  possibility  of  molecular 
rearrangements  and  conformational  changes.  It  is  simply  due  to  the 
fact  that  all  the  molecular  species  would  not  be  simultaneously  equally 
reactive  towards  the  cross-linking  agent.  Also  the  conformational 
changes  would  occur  inevitably  in  some  molecules  upon  cross-linking. 

In  freeze-etching,  the  chemical  fixation  is  substituted  by  freezing. 
However,  during  freezing,  structural  changes  could  be  produced  as  a 
result  of  growing  i ce-crystal s.  By  employing  cryoprotectants  (such  as 
glycerol )  ice  crystal  growth  is  significantly  reduced,  but  the  cryopro¬ 
tectants  themselves  may  induce  structural  and  physiological  changes. 

In  aqueous  or  hydrated  specimens  during  freezing  a  random  dispersion  of 
ice  crystals  is  formed.  Ice  crystal  growth  progresses  at  the  nuclea- 
tion  points  at  the  expense  of  water  drawn  from  the  surrounding  medium. 
This  causes  an  increase  in  solute  concentration  in  the  regions  between 
growing  ice  crystals.  Finally,  when  the  solute  concentration  in  these 
regions  has  increased  up  to  a  certain  level,  an  amorphous  solid  eutec¬ 
tic  is  given  rise  to  (and  the  ice  crystal  growth  comes  to  a  halt 


70 


altogether),  made  up  of  water  and  solute  in  a  glassy  (vitrified)  state 
(Wilison  and  Rowe,  1980).  Ice  crystal  growth  has  been  demonstrated  to 
continue  to  occur  in  the  pure  water  at  tempertures  down  to  approximate¬ 
ly  -130°C,  but  ceases  at  temperatures  lower  than  this.  In  solutions 
having  the  same  solute  content  as  is  usually  encountered  in  the  living 
organism,  the  temperature  range  over  which  ice  crystal  1 i zati on  takes 
place  is  from  about  -20°C  to  -80°C  (recrystall i zati on  point).  The 
growth  of  ice  crystals  is  a  function  of  a  variety  of  factors  including 
the  solute  concentration  and  the  cooling  rate  to  the  recrystal  1 i zati on 
point.  When  the  cooling  rate  and/or  the  solute  concentration  increase, 
the  resulting  ice  crystals  produced  are  smaller  in  size.  As  mentioned 
before,  as  the  solute  concentration  increases  beyond  a  certain  critical 
value  the  whole  system  solidifies  as  an  amorphous  eutectic.  The  ice 
crystal  nucleation  is  governed  by  the  rate  of  cooling.  Heterogeneous 
ice  crystallization  which  involves  solute  molecules  as  the  likely 
nucleation  sites,  has  been  shown  to  occur  at  slow  cooling  rates. 

Whereas  homogenous  ice  crystal  1 i zati on  in  which  water  molecules  are 
represented  as  the  potential  nucleation  sites  occurs  upon  faster  cool¬ 
ing.  The  uniformly  sized  ice  crystals  formed  at  sufficiently  high 

3 

cooling  rates  reach  a  minimum  value  of  dimensions  of  about  20  nm 
(Willison  and  Rowe,  1980).  Moore  (1973)  has  identified  this  process  as 
'vitrification'.  However,  vitrification  is  very  difficult  to  achieve 
in  practice  because  regardless  of  how  effective  a  freezing  method  is 
employed,  the  rate  at  which  the  heat  can  be  conducted  out  of  the 
specimen  is  still  the  most  important  limiting  factor  (Sleytr  and 
Robards,  1982).  Although  a  high  heat  transfer  coefficient 
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at  specimen/coolant  interface  is  a  necessary  prerequisite  for  the  high 
rate  of  cooling,  still  the  main  restrictive  factor  to  rapid  cryofixa- 
tion  is  the  inherent  low  thermal  conductivity  of  water.  Complete 
vitrification  has  only  recently  been  attained  within  a  bulk  liquid 
water  specimen  (Bruggeller  and  Mayer,  1980;  Bruggeller  and  Meyer, 

1982).  The  aim  of  cryofixation  in  the  ul trastructural  studies  is  to 
minimize  the  size  of  ice  crystals  formed.  The  maximum  size  of  ice 
crystals  that  can  be  tolerated  would  depend  upon  the  resolution  sought 
and  since  Pt-C  replicas  are  inherently  limited  in  resolution  to  about 
2  nm  (due  to  the  grain  size),  ice  crystal  growth  should  be  limited  in 
dimensions  less  than  this  (Sleytr  and  Robards,  1982). 

4. 3. 1.2  Conventional  Freezing 

In  the  conventional  method  of  freezing,  first  introduced  by 
Moor  and  Muhlethaler  (1963),  the  specimen  is  first  frozen  by  rapid 
immersion  in  Freon  12  (di  chi  orodi  f  1  uoromethane )  at  its  melting  point 
(-158°C).  Freon  13  and  Freon  22  (monochl orodi ffl uromethane )  were 
introduced  later,  and  are  equally  effective. 

After  freezing  in  liquid  Freon,  the  specimen  is  quickly  trans¬ 
ferred  into  a  container  filled  with  liquid  N2.  The  cooling  rates  are 
different  in  different  regions  of  the  sample  (peripheral  regions  are 
usually  best  preserved)  and  do  not  vary  linearly  with  the  time  (Bald 
and  Robards,  1978;  Van  Venrooij  et  al.,  1975).  Cooling  rates  appear  to 
vary  with  the  employed  techniques  from  100-1000°C  per  second  (Costello 
and  Corless,  1978;  Van  Venrooij  et  al.,  1975). 
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4. 3. 1.3  Rapid  Freezing 

In  a  method  originally  due  to  Van  Harreveld  and  Crowell  (1964) 
freezing  in  liquid  coolants  is  dispensed  with  and  instead  use  is  made 
of  the  higher  thermal  di ffusi vi ti es  of  metals  as  compared  to  fluids 
(Carlsaw  and  Jaeger,  1974).  Freezing  is  achieved  by  directly  placing 
the  specimen  against  a  silver  block  (with  polished  surface),  cooled 
with  liquid  N2  to  -196°C.  Freezing  is  usually  accomplished  in  a  few 
milliseconds.  This  method  was  further  developed  by  Heuser  and 
co-workers  (reviewed  in  Heuser,  1981)  who  substituted  liquid  N2  with 
liquid  helium  (He)  and  thus  were  able  to  cool  the  block  of  metal 
(copper)  down  to  -269°C.  This  produces  an  ul tra-rapi dly  frozen  layer 
of  approximately  5-15  m  thickness  at  the  specimen  surface  in 
contact  with  the  cold  metal. 

There  are  two  other  methods  in  existence,  which  have  also  been 
claimed  to  produce  equally  better  preservation  by  ultra-rapid  freezing 
of  the  thin  specimen  clamped  between  conducting  metals.  The  "jet 
freezing"  method  involves  spraying  of  propane  on  the  opposite  sides  of 
compressed  specimen  (Mueller  et  al . ,  1980),  whereas  the  "sandwich" 
method  (Costello,  1980;  Costel 1 0  et  al . ,  1982)  employs  freezing  of  the 
specimen  clamped  between  two  thin  strips  of  copper  foil  by  dropping  it 
into  liquid  coolant.  Recently  Costello  et  al.,  (1982)  have  measured 
the  cooling  rates  for  all  these  three  methods  by  using  minute  thermo¬ 
couples  housed  in  the  samples.  The  cooling  rates  appear  to  be  greater 
than  10^  K/s.  In  this  context  it  is  instructive  to  note  that  the 
theoretical  cooling  rate  required  to  vitrify  the  water  is  in  the  excess 
of  10^  K/s  (Franks,  1980).  It  appears  that  all  these  three  methods 
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are  capable  of  providing  well-preserved  cryofixed  biological  samples 
with  no  signs  of  ice-crystal  damage  in  the  peripheral  few  micron  thick 
regi on. 


4. 3. 1.4  Interpretati on  of  Freeze-Fracture  Replicas 

Branton  (1966)  was  the  first  to  recognize  that  during  the  pro¬ 
cess  of  f reeze-f racturi ng,  the  fracture  plane  passes  through  the  hydro- 
phobic  interior  of  the  biological  membranes,  so  that  the  inner  faces 
are  exposed.  Fracture  faces  usually  reveal  particles  of  approximately 
10  nm  diameter,  their  number  being  subject  to  variation  from  one  mem¬ 
brane  type  to  the  other.  It  was  proposed  that  the  particles  are  true 
features  of  the  membrane  interior  (Branton,  1971).  It  was  noticed  that 
upon  etching,  fractured  membranes  usually  displayed  a  narrow  ridge 
approximately  3  nm  thick.  This  ridge  was  observed  to  be  continuous 
with  one  of  two  parallel  ridges,  at  the  transition  of  face  view  into  a 
cross-f racture,  that  are  responsible  for  the  usual  appearance  of  cross- 
fractured  membranes.  These  observations  lent  support  to  the  notion 
that  the  membrane  was  split.  The  fracture  faces  of  swollen  nerve  mye¬ 
lin,  rod  outer  segment  membranes  and  swollen  lecithin  lameller  phases 
(Branton,  1967;  Clark  and  Branton,  1968;  Staehlin,  1968)  were  subse¬ 
quently  interpreted  using  similar  reasoning.  A  consideration  of  the 
actual  dimensions  and  spacings  of  the  ridges  soon  led  to  the  conclusion 
that  there  ought  to  be  an  5.5  nm-wide  gap  between  them.  Radioactive- 
ly  labelled  bilayers  and  multilayers  were  assembled  by  employing  the 
classic  Langmui r-Bl odgett  technique  (Langmuir,  1917;  Blodgett,  1935; 
Langmuir,  1939).  After  freezing,  these  were  fractured  and  the  split 
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layers  were  assessed  for  radioactivity  content.  The  results  obtained 
after  such  an  analysis  can  be  reasonably  explained  only  after  assuming 
that  the  assemblies  fracture  along  a  plane  defined  by  the  terminal 
methyl  groups  of  the  individual  monolayers  (Deamer  and  Branton,  1967). 
Upon  shadowing,  fracture  faces  displayed  very  smooth  surfaces  devoid  of 
any  particulate  projections.  Similar  observations  have  also  been 
reported  in  the  cases  of  membranes  which  have  no  or  little  protein. 

For  instance,  relatively  smooth  fracture  faces  have  been  noted  in  the 
lameller  lipid  phases  (Deamer  et  al.,  1970),  liposomes  (James  and 
Branton,  1971)  and  nerve  myelin  (Branton,  1967;  Malhotra  et  al . ,  1975). 
This  hypothesis  was  further  strengthened  by  the  observation  that 
aldehyde  fixation,  which  cross-links  proteins,  rendered  the  appearance 
of  the  membranes  unaffected  after  f reeze-f racturi  ng.  There  was  only  an 
enhancement  in  the  overall  mechanical  stability  (Jost,  1965;  Branton 
and  Park,  1967;  Till ack  and  Marchesi ,  1970).  However,  subjecting  these 
membranes  to  lipid  extraction,  prior  to  aldehyde  fixation,  abolished 
the  splitting  of  membranes  upon  f reeze-f racturi  ng  (Park  and  Branton, 
1966;  Fleisher  et  al . ,  1967  ;  Branton  and  Park,  1967  ).  These  experi¬ 
ments  emphasized  the  crucial  requirement  of  lipidic  regions  to  accom¬ 
plish  f reeze-f racturi ng  of  biomembranes.  Deamer  and  Branton  (1967) 
have  propounded  an  hypothesis  to  explain  the  splitting  behaviour  of 
biomembranes  in  f reeze-f racturi ng.  Their  proposal  rests  on  Kauzmann's 
(1959)  thermodynamic  considerations  of  the  temperature  dependence  of 
hydrophobic  bonding.  Since  the  strength  of  hydrophobic  'bonding' 
decreases  with  the  decreasing  temperature  the  hydrophobic  interior  of 
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of  the  biological  membranes  would  be  most  susceptible  to  splitting  upon 
freeze-fracturing  at  the  center  of  the  1  i  pi  d-bi  1  ayer. 

Another  line  of  evidence  in  support  of  the  membrane  splitting 
hypothesis  has  come  from  experiments  involving  membrane-surface  markers 
(attached  F-actin  or  covalently  linked  Ferritin)  that  have  demonstrated 
that  these  markers  can  only  be  observed  after  etching.  Fracture  faces 
never  displayed  these  markers  (Pinto  de  Silva  and  Branton,  1970; 

Til  lack  and  Marchesi ,  1970).  That  both  the  fracture  faces  of  a  mem¬ 
brane  can  not  be  etched  ( 'unetchabl e ' )  was  demonstrated  by  employing 
the  complimentary  replica  techniques  (Sleytr,  1970;  Wehrli  et  a  1 . , 

1970;  Chalcroft  and  Bullivant,  1970).  This  observation  too,  can  only 
be  reconciled  with  the  membrane  splitting  hypothesis. 

Branton  (1967;  1971)  has  suggested  that  the  molecular  corre¬ 
lates  of  membrane-i ntercal ated  (or  i nt ramembranous )  particles,  dis¬ 
played  on  the  f reeze-f racture  faces  of  biomembranes,  are  membrane 
proteins.  They  represent  integral  membrane  proteins  and  their 
'attendance'  on  the  fracture  faces  is  modulated  by  the  metabolic 
activity  of  a  cell  or  membrane  type  (Bretscher  and  Raff,  1975). 

4. 3. 1.5  Nomencl ature 

In  1975,  Branton  et  al.  proposed  a  unifying  system  of  nomen¬ 
clature  for  labelling  the  f reeze-f ractured  surfaces.  When  the  plasma 
membrane  is  fractured,  it  splits  into  two  halves.  One  physical  half  of 
this  membrane  retains  contact  with  the  underlying  protoplasm  and  the 
other  half  is  in  contact  with  the  extracellular  matrix.  That  fracture 
face  of  the  cleaved  half  of  the  membrane  which  still  retains  contact 
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with  the  protoplasm  is  labelled  as  protoplasmic  face  (P  face),  and  the 
other  fracture  face  which  is  associated  with  the  extracel 1 ul ar  matrix 
is  correspondingly  labelled  as  extracellular  face  (E  face). 

4. 3. 1.6  Artifacts  Induced  upon  Fracturing  -  The  Plastic  Deformation 

By  using  morphologically  and  chemically  well-defined  biological 
and  non-bi ol ogi cal  polymers,  frozen  and  embedded  in  an  ice  matrix, 
significant  information  has  been  gained  concerning  the  mechanics  of 
fracturing  (Dunlop  and  Robards,  1972,  1973;  Sleytr  and  Robards,  1977). 
Fracturing  profiles  have  been  reported  to  be  temperature-dependent  and, 
even  at  4°  K,  plastic  deformation  has  been  observed  in  some  polymers 
(Sleytr  and  Robards,  1977).  In  principle,  when  the  fracturing  is 
carried  out  at  temperatures  much  lower  than  the  bulk  polymer  glass 
transition  temperature  (Cowie,  1973),  no  plastic  deformation  should  be 
observed.  But,  plastic  deformation  has  been  reported  in  the  polymer 
spheres  (fractured  at  temperatures  far  below  their  bulk  polymer  glass 
transition  temperature ) ,  it  is  therefore  only  reasonable  to  assume  that 
the  temperature  of  the  spheres  must  have  risen  above  the  glass  transi¬ 
tion  point.  Therefore,  it  is  obvious  that  during  the  fracturing  pro¬ 
cess  considerable  energy  must  have  been  dissipated  as  heat  (Sleytr  and 
Robards,  1982).  Deformation  profiles  so  far  studied  for  most  globular 
polymers  seem  to  follow  a  general  pattern.  Upon  the  arrival  of  a 
propagating  brittle  fracture  plane  (Van  Buern,  1960)  at  a  potentially 
deformable  globular  polymer  it  may  be  deformed  in  such  a  fashion  that 
one  half  may  stay  completely  embedded  in  the  surrounding  ice  matrix 
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whereas  the  other  half  may  be  pulled  out  to  form  an  elongated  cone-like 
protrusion  (Sleytr  and  Robards,  1982). 

A  glimpse  into  the  deformation  process  is  afforded  by  compari¬ 
son  of  the  volumes  of  cone-like  deformation  and  roughly  spherical 
depression  on  the  opposite  complimentary  face  which  suggests  the 
adiabatic  expansion  of  the  globular  polymer  (Sleytr  and  Robards,  1982). 
Evidently,  the  heat  transfer  within  the  polymer,  the  surrounding  ice 
matrix  and  through  the  polymer/matrix  interface  would  govern  the  extent 
of  plastic  deformation  of  a  globular  polymer  (whether  it  would  be  only 
partially  or  completely  deformed).  Following  deformation,  other  secon¬ 
dary  structural  changes  involving  elastic  recontracti on  or  collapse  or 
total  degradation  may  occur.  Plastic  deformation  caused  by  freeze- 
fracturing  in  ordered  protein  structures  such  as  catalase  crystals  or 
cylinders  of  nucl eosome-core  particles  has  been  well  documented 
(Lepault  and  Dubochet,  1980).  In  case  of  the  transmembrane  protein 
(such  as  connexin)  which  are  almost  equally  bonded  to  both  sides  of  the 
lipid  bilayer,  there  would  be  a  disruption  of  covalent  bonds  and  hence 
a  lot  of  energy  can  be  expected  to  be  dissipated,  upon  fracturing. 

This  would  result  in  maximum  deformation  (Edwards  et  al . ,  1979). 

Another  source  of  deformation  is  the  energy  deposited  in  the 
specimen  (thermal  load)  during  replica  deposition.  Alterations  in  the 
three  dimensional  structure  are  feasible  on  account  of  the  partial 
transfer  of  heat  load  into  the  entropy  driven  conformational  changes. 
This  heat  dissipation  may  cause  a  variety  of  secondary  changes  ranging 
from  a  mild  elastic  recont ract i on  to  total  degradation  of  the  deformed 
material,  being  somewhat  dependent  upon  the  thermal  conductance  within 
the  polymer. 
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Plate  7 


Figure  9 

Electron  micrographs  of  f reeze-f racture  replicas  of  hepatocytes 
showing  gap  junctions  printed  in  positive  contrast. 

a.  Fracture  with  arrays  of  connexons  (i ntramembranous  particles) 
on  the  P-face  (P)  and  complementary  pits  on  the  E-face  (E). 

b.  Fracture  with  arrays  of  connexons  on  the  P-face.  Many  of  the 
connexons  reveal  a  subunit  structure  and  a  central  depression 
(arrows ) . 

c.  A  connexon  printed  in  reverse  contrast.  Note  the  6  subunits 
surrounding  a  depressed  area. 

d.  Markham's  rotation  of  the  connexon  shown  in  Figure  9c  •  The 
image  was  rotated  5  times.  Note  the  six-fold  symmetry  of  the 
connexon . 

e.  Electron  micrograph  of  a  connexon  printed  in  reverse  contrast. 
Note  the  four  subunits  surrounding  a  depressed  area.  The  two 
blank  spaces  (arrows)  indicate  that  two  subunits  have  been 
broken  off  during  f reeze-f racturi ng.  In  this  electron  optical 
projection  the  connexon  appears  to  be  flattened  along  the 
vertical  axis. 

f.  Markham's  rotation  of  the  connexon  shown  in  Fig.9e.  The  image 
was  rotated  3  times.  Note  the  apparent  four-fold  symmetry  of 


the  connexon. 


79 


80 


4.3.2  Sub-unit  Structure  of  the  Connexons 

The  quasi -crystal  1 i ne  lattice  of  connexons  in  gap  junctions  is 
vividly  displayed  by  the  freeze-fracture  technique.  Rotary  shadowed 
replicas  of  the  unfixed,  uncryoprotected  and  rapid  frozen  mouse 
liver  gap  junctions  demonstrate  a  characteri sti c  array  of  intramem- 
branous  particles  correspondi ng  to  the  connexons  on  the  P  face  (Fig.  9 
a)  and  the  complimentary  pits  on  the  E  face  (Fig.  9  a).  These  connex¬ 
ons  display  no  evidence  of  a  lattice  order,  the  hexagonal  packing, 
which  so  typically  characteri zes  the  isolated  gap  junctions  (Fig.  3). 
The  average  diameter  of  each  connexon,  after  thickness  correction  (for 
Pt-C  replica  thickness),  is  approximately  6  nm  which  compares  well  with 
the  diameter  suggested  by  the  correlated  electron  microscopic  and  x-ray 
diffraction  studies  (Makowski  et  al.,  1977  and  Caspar  et  al.,  1977). 
Some  connexons  reveal  six  subunits  (Figs.  9  b,c,e)  while  the  rest 
display  less  than  six  subunits  .  Each  connexon  demonstrates  a  clear 
central  depression  (Figs.  9  b,c,e)  which  presumably  corresponds  to  the 
"stain  penetrable  core",  of  the  connexons  observed  by  negative  staining 
(Fig.  3)  (Caspar  et  al . ,  1977;  Unwin  and  Zampighi,  1980)  and  considered 
to  be  the  opening  of  axial  hydrophilic  channel  (Makowski  et  al.,  1977; 
Unwin  and  Zampighi,  1980). 

Markham's  rotation  (Markham  et  al.,  1963)  of  the  connexons 
indicates  that  some  of  them  have  a  six-fold  symmetry  (Figs.  9  c,d). 
However,  deviations  from  the  six-fold  symmetry  are  also  frequently 
encountered.  For  example,  some  connexons  display  an  apparent  tetra- 
meric  symmetry  (Figs.  9  e,f).  A  possible  explanation  of  this  tetra- 
meric  symmetry  emerges  when  a  model  of  the  connexons  (Fig.  10  a)  is 
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Plate  8 


Figure  10 

a.  A  model  of  a  connexon  showing  six  subunits  surrounding  an  axial 
depression. 

b.  The  model  shown  in  Fig.  10a  photographed  at  an  angle  of  about 
30°.  Note  the  superimposition  of  some  of  the  subunits.  The 
connexon  appears  to  be  flattened  along  the  vertical  axis.  If 
the  two  subunits  (arrows)  were  missing  the  projection  would  be 
very  similar  to  that  shown  in  Fig.9e  . 

c.  Markham's  rotation  of  the  model  shown  in  Fig.  10b.  The  image 
was  rotated  3  times.  Note  the  apparent  four-fold  symmetry  of 
the  model . 
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Figure  11 

a.  An  array  of  connexons  photographed  at  0°  (Fig.  11a)  and  after 
tilting  for  30°  (Fig.  lib).  Note  the  change  in  electron 
optical  projections  of  the  connexons  (correspondi ng  large  and 
small  arrows  and  arrowhead).  The  connexons  which  appeared  to 
be  symmetrical  and  showed  substructure  (Fig.  11a)  have  become 
flattened  and  do  not  show  a  clear  substructure  after  tilting 
(Fig.  lib). 

c.  An  array  of  connexons  photographed  at  0°  (Fig.  11c)  and  after 
tilting  for  30°  (Fig.  lid).  Note  the  change  in  projections  of 
the  connexons  (arrowhead). 
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is  photographed  at  different  angles  and  the  resulting  photographs  sub¬ 
jected  to  the  Markham's  rotation.  Figures  show  that  the  subunits  of  a 
symmetrical  hexameric  structure  appear  to  approach  tetrametric  symmetry 
when  viewed  at  an  angle  of  approximately  30°.  This  is  due  to  the  visu¬ 
al  distortion  of  the  depth  of  the  model  and  partial  superimposition  of 
at  least  some  of  the  subunits.  Freeze-f racturi ng  involves  uncontrolled 
cleaving  of  the  frozen  material  where  the  fracture  plane  follows  the 
path  of  least  resistance  (Sleytr  and  Robards,  1982).  Consequently  the 
plane  of  the  f reeze-f racture  replica  may  vary  considerably  from  place 
to  place.  When  such  a  relief  is  photographed  in  the  electron  micro¬ 
scope,  different  electron  optical  projections  of  the  structures  are 
produced,  since  the  direction  of  the  el ectron-beam  is  the  same  in  all 
these  cases.  It  is,  therefore,  possible  that  the  deviations  from  the 
hexameric  symmetry  of  the  connexons  are  due  to  the  inclination  of  the 
fracture  plane  at  that  point  relative  to  the  plane  of  viewing.  In 
order  to  validate  this  possibility  experimentally,  tilting  experiments 
were  performed  using  a  goniometer  stage.  It  is  obvious  from  Figs.  11 
a-d  that  the  tilting  of  the  connexons  at  varying  angles  results  in 
projections  with  different  substructures  and  dimensions.  Yet  another 
important  factor  which  could  be  responsible  for  departures  from 
hexameric  symmetry  of  connexons  is  the  plastic  deformation  (discussed 
in  section  4. 3. 1.6)  of  subunits  during  f eeze-f racturi ng. 
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Figure  12 

a.  A  typical  fractured  face  of  an  unfixed  uncryoprotected  rapid- 
frozen  gap  junction.  Irregular  arrangement  of  i nt ramembranous 
particles  (connexons)  is  evident  on  P  (protoplasmic)  face.  The 
arrow  points  at  an  unusually  large  particle  probably  represent¬ 
ing  two  clumped  connexons.  -  E  Exoplasmic  fractured  face.  -  Bar 
30  nm. 

b.  A  representati ve  P-fractured  face  of  an  fixed  (1/2  h  with 
gl utaral dehyde )  and  rapid-frozen  gap  junction.  Connexons 
appear  to  be  more  closely  packed  than  in  Figurel2a.  Large 
(within  circles)  and  small  (arrows)  aggregates  of  particles  are 
encountered  more  frequently.  Same  enlargement  as  Figure  12a. 

c.  Treated  in  the  same  way  as  the  one  in  Fi  gure I2b,but  for  a  pro¬ 
longed  fixation  with  gl utaral dehyde  (2  h).  Large  (within 
circles)  and  small  (arrows)  aggregates  of  connexons  can  be 
observed.  -  P.  E  Protoplasmic  and  exoplasmic  fractured  faces, 
respectively.  Same  magnification  as  in  Fig.i2a. 
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4.3.3  Effect  of  Fixation  with  G1 utaral dehyde 

Fig.  12  a  displays  a  typical  freeze-fracture  replica  of  an  un¬ 
fixed  uncryoprotected  and  rapid  frozen  gap  junction.  As  described  in 
the  previous  section  of  this  Chapter,  the  arrangement  of  connexons  on 
the  P  face  is  rather  irregular,  whereas  the  E  face  has  the  usual  rough 
texture  (Bennett  and  Goodenough,  1978).  The  fracture  faces  of  the 
gl utaral dehyde  fixed  and  rapid  frozen  (Fig.  12  b)  gap  junctions  are 
very  similar  in  appearance  to  those  of  unfixed  and  rapid  frozen  (Fig. 

12  a)  ones  but  for  the  packing  of  the  conexons  which  appears  to  be  more 
"close-packed"  in  the  case  of  the  fixed  material.  An  analysis  of  the 
frequency  distribution  of  various  i nterconnexon  spacings  reveals  that 
the  connexons  are  indeed  more  closely  packed  in  the  fixed  preparations 
(Fig.  13).  The  average  i nterconnexon  spacing  in  the  case  of  unfixed 
preparations  is  10  _+  2  nm,  and  the  connexons  are  arranged  at  various 
cent re-to-cent re  spacings  ranging  from  about  5.5  nm  to  18.5  nm.  Flow- 
ever,  in  the  case  of  fixed  preparations  (fixed  for  1/2  h),  the  average 
i nterconnexon  spacing  has  decreased  to  9  +  2  nm.  As  the  frequency  dis¬ 
tribution  of  i nterconnexon  spacings  clearly  illustrate  (Fig.  13),  there 
is  an  overall  shift  towards  the  smaller  spacings  upon  fixation.  In¬ 
creasing  the  duration  of  fixation  to  2  hrs.  (Fig.  12  c)  has  no  further 
appreciable  effect  on  the  frequency  distribution  of  i nterconnexon  spac¬ 
ing,  which  remains  more  or  less  similar  to  the  one  obtained  for  a  spec¬ 
imen  fixed  for  only  1/2  h  (Fig.  14).  In  the  case  of  fixed,  glycerin- 
ated  and  conventionally  frozen  (in  liquid  Freon  22)  and  freeze-frac¬ 
tured  specimen,  the  average  i nterconnexons  spacing  of  9  +  2  nm  is  very 
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Plate  11 


Figure  13 

Frequency  distribution  of  the  i nterconnexon  spacings  (centre- 
to-centre)  in  the  unfixed  and  fixed  rapid-frozen  gap  junctions.  A 
total  of  800  spacings  were  measured  on  8  to  10  different  gap  junctions. 
In  the  case  of  unfixed  specimen,  the  average  i nterconnexon  spacing  is 
10  _+  2  nm  (1%  of  the  total  spacings  are  below  5.4  nm  limit  and  0.5%  are 
above  the  15.5  nm  limit.  These  have  not  been  included  in  the  histo¬ 
gram.  )  For  the  specimen  fixed  for  1/2  h  the  average  i nterconnexon 
spacing  is  9  _+  2  nm.  (There  are  4.3%  spacings  below  5.5  nm  limit  and 
0.1%  higher  than  14.5  nm  limit.)  A  distinct  shift  towards  lower  spac¬ 
ings  is  evident  upon  fixation.  Lower  limits  of  groups  separated  by  1 
nm  intervals  are  given. 


INTERCONNEXON  SPACINGS  in  nm(  lower  limits  of  groups  separated  by  Ini 
intervals  are  given) 
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Plate  12 


Figure  14 

A  frequency  distribution  of  the  i nterconnexon  spacings  (centre- 
to-centre)  in  the  fixed  (for  2  h)  and  rapid-frozen  gap  junctions. 

Total  of  800  spacings  measured  on  6  different  gap  junctions.  The  aver¬ 
age  i nterconnexon  spacing  is  9  _+  2  nm.  (2.5%  spacing  are  below  5.5  nm 
limit  and  0.9%  spacings  are  greater  than  14.5  nm. )  Lower  limits  of 
groups  separated  by  1  nm  intervals  are  given. 


INTERCONNEXON  SPACINGS  in  nmlbwer  limits  of  groups  separated  by 
intervals  are  given) 
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fixed  ( 2  hours  land  rapid  frozen 
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close  to  that  of  the  fixed  and  rapid  frozen  specimen.  This  effect  of 
gl utaral dehyde  fixation  is  present  regardless  of  the  buffers  employed 
to  prepare  gl utaral dehyde  solutions.  Results  obtained  with  2.5% 
gl utaral dehyde  in  phosphate  buffer  (pH  7.4)  are  similar  to  those 
obtained  with  2.5%  gl utaral dehyde  in  cacodylate  buffer  (pH  7.4). 

Occasionally,  rather  large  particles  are  observed  on  the  P- 
fracture  faces  of  gap  junctions  which  could  be  easily  made  up  of  the 
aggregates  of  two  or  more  connexons.  Some  intermediate  structures  are 
also  observed  where  two  or  more  connexons  are  rather  closely  lumped 
together.  This  has  given  rise  to  some  of  the  very  small  spacings 
displayed  in  the  histogram  of  Figures  (13)  and  (14).  These  features 
are  rarely  observed  in  the  uni di recti onal ly  shadowed  preparations. 
Radially  symmetrical  contrast  brought  about  by  the  rotary  shadowing 
reveals  these  features  clearly. 

4.4  Di scussi on 

4.4.1  Structure  of  the  Connexons 

It  is  evident  from  the  results  reported  above  that  the  connex¬ 
ons  are  hexamers  of  subunits  in  situ.  This  in  situ  structural  organi - 
zation  of  the  connexons  is  in  agreement  with  the  results  derived  from 
X-ray  diffraction  (Caspar  et  al.,  1977;  Makowski  et  al.,  1977)  and 
low-dose  three-dimensional  reconstruction  studies  on  isolated  liver  gap 
junctions  (Unwin  and  Zampighi,  1980).  The  hexagonal  packing  of  the 
connexons  displayed  in  isolated  junctions  is  also  suggestive  of  an 
internal  six-fold  symmetry.  Apparent  departures  from  the  six-fold 
symmetry  (encountered  in  the  f reeze-f racture  replicas)  are  caused  by 
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irregular  fracture  plane  and/or  plastic  deformation.  In  this  connec¬ 
tion  it  is  instructive  to  note  that  connexons  in  crayfish  neurons  are 
known  to  have  six  sub-units  (Peracchia,  1973a;  Peracchia,  1973b; 
Peracchia,  1980)  while  those  in  the  supporting  cells  in  accoustico- 
vestibular  receptors  in  goldfish  and  guinea  pig  have  5  to  6  subunits 
(Hama  and  Saito,  1977).  Also,  based  on  orthopgonal  and  rhombic  packing 
of  connexons  in  isolated  junctions  from  calf  eye  lens,  the  presence  of 
only  4  subunits  in  the  connexon  has  been  suggested  (Peracchia  and 
Peracchia,  1980).  Recently  (Zampighi  et  al.,  1981),  structural  organi¬ 
zation  of  isolated  bovine  lens  fiber  junctions  has  been  investigated  by 
electron  microscopy  and  X-ray  diffraction.  It  appears  as  if  each  junc¬ 
tional  unit  is  a  tetramer  of  subunits  arranged  on  a  square  lattice  with 
a  center-to-center  spacing  of  6.6  nm.  These  junctions  are  structurally 
and  chemically  different  from  the  gap  junctions  and  presumably  repre¬ 
sent  a  new  class  of  intercellular  contacts.  Their  amino  acid  composi¬ 
tion  is  different  from  that  of  hepatic  junctions  (Nicholson  et  al., 
1980)  and  peptide-map  studies  have  failed  to  reveal  any  homology 
between  the  liver  and  lens  junctions  (Hertzberg,  1980).  This  conclu¬ 
sion  is  further  substanti ated  by  the  observation  that  the  antibodies  to 
the  lens  junction  polypeptide  do  not  cross-react  with  the  liver  gap 
junction  polypeptide  (Hertzberg,  1980). 

It  has  been  claimed  that  the  changes  in  the  distribution  of 
i nt ramembranous  particles  representing  connexons  are  representative  of 
different  functional  states  of  gap  junctions.  Several  authors 
(Peracchia,  1977,  1978;  Baldwin,  1979;  Dahl  and  Isenberg,  1980; 
Peracchia  and  Peracchia  1980a,  1980b)  have  observed  that  the  connexons 
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are  induced  to  back  to  form  nearly  hexagoal  arrays  upon  treatments  that 
physiologically  uncouple  the  cells.  Such  treatments  include  low  pH 
and/or  high  i nt racel 1 ul ar  concentration  of  Ca2+,  metabolic  inhibi¬ 
tion,  anorexia  and  injury  (Lowenstein,  1981).  The  relationship  between 
the  close-backing  and  uncoupling  is  not  clear  in  structural  terms.  The 
connexons  in  rapid  frozen  gap  junctions  appear  to  be  randomly  arrayed. 
Furthermore,  the  connexons  in  the  P-fracture  face  display  a  central 
depression  that  corresponds  to  the  opening  of  the  axial  hydrophilic 
channel  near  their  apical  ends.  Since  these  features  are  also  observed 
in  gl utaral dehyde-f i xed  gap  junctions  which  are  supposed  to  be  in  an 
uncoupled  state,  the  channel -cl osi ng  structure  is  evidently  not  local¬ 
ized  in  these  regions.  Very  recently,  Hirokawa  and  Heuser  (1982)  have 
visualized  the  apposed  outside  surfaces  of  gap  junctions  split  with 
hypertonic  saline  solutions.  These  surfaces  display  uniform  8-9  nm 
particles  with  central  pores  or  slits,  regardless  of  the  functional 
states  of  gap  junctions.  Therefore  it  is  apparent  that  the  channel 
closing  mechanism  is  not  localized  in  this  region  too.  These  authors 
conclude  that  the  channel  closing  mechanism  is  most  likely  situated  at 
or  near  the  cytoplasmic  side,  because  the  pores  cannot  be  seen  on  the 
insides  of  uncoupled  junctional  membranes.  This  is  in  concordance  with 
the  model  proposed  by  Unwin  and  Zampighi  (1980)  for  the  three-dimen¬ 
sional  structure  of  gap  junction.  However,  these  observations  cannot 
be  reconciled  with  a  model  proposed  by  Makowski  et  al.  (1977)  on  the 
basis  of  X-ray  diffraction  studies  which  localizes  the  channel -cl osi ng 
mechanism  at  the  apices  of  connexons  in  the  extracellular  space. 
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Gap  junctions  in  the  heart  of  the  tunicate,  Ci ona ,  have  been 
observed  in  functionally  coupled  and  uncoupled  states  by  employing 
rapid  freezing  and  freeze-fracturi ng  (Hanna  et  al.,  1981).  Rotary 
shadowed  replicas  reveal  particles  that  are  inhomogenous  with  respect 
to  size  and  shape.  They  appear  to  be  square,  pentagonal  or  hexagonal 
in  shape.  However  the  square  and  pentagonal  forms  are  predominant. 
Notwithstanding  the  noise  due  to  platinum  grains  (because  platinum 
presumably  "decorates"  rather  than  "coats"  at  this  resolution,  Slayter, 
1976)  and  plastic  deformation,  a  uniformly  hexagonal  structure  of  con- 
nexons  has  been  questioned  by  these  authors. 

It  is  evident  that  radially  symmetrical  contrast  through  rotary 
shadowing  of  freeze-fracture  replicas  (Margaritis  et  al.,  1977)  consis¬ 
tently  permits  the  direct  visualization  of  the  substructure  in  the  con- 
nexons.  As  stated  previously,  such  a  substructure  has  so  far  only 
infrequently  been  visualized  by  other  techniques.  Furthermore,  X-ray 
diffraction  and  low-dose  three-dimensional  reconstruction  studies  can 
be  applied  only  to  isolated  gap  junctions.  Such  isolation  procedures 
are  known  to  uncouple  the  junctional  channels  (Bennett  and  Goodenough, 
1978).  Therefore,  the  method  employed  here  consistently  allows  a 
direct  observation  of  the  connexon  substructure  in  their  native  state 
in  situ  without  any  chemical  treatment.  Such  an  approach  in  conjunc¬ 
tion  with  physiological  experiments  should  be  valuable  in  enhancing  our 
understanding  of  the  functioning  of  the  gap  junctions. 
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4.4.2  Structural  Correlates  of  G1 utaral dehyde  Induced  Uncoupling 

It  is  obvious  from  the  observation  reported  in  this  Chapter 
that  the  gl utaral dehyde  fixation  causes  a  condensation  of  the  lattice 
of  connexons  in  the  mouse  liver  gap  junctions.  The  extent  of  condensa¬ 
tion  does  not  appear  to  increase  noticeably  with  the  increase  in  the 
duration  of  fixation.  Even  in  fixed,  glycerinated  tissues  which  were 
frozen  in  liquid  Freon  22,  the  average  i nterconnexon  spacing  remains 
approximately  the  same  as  in  the  case  of  fixed  rapidly  frozen  ones.  It 
appears  that  the  gl utaral dehyde-i nduced  contraction  of  the  gap  junction 
lattice  is  achieved  within  a  short  period  of  fixation  and  no  further 
contraction  is  discernible  upon  extending  fixation. 

Available  experimental  evidence  suggests  that  the  uncoupling 
treatments,  such  as  an  increase  in  the  concentration  of  i ntracel 1 ul ar 
free  Ca  and/or  H  ,  trigger  the  connexons  to  pack  more  closely 
in  the  gap  junctions  (Bennett  and  Goodenough,  1978).  It  has  been 
suggested  that  a  rise  in  the  concentration  of  free  intracellular 
Ca  and/or  H  induces  a  conformational  change  in  the  connexons. 

This  change  obliterates  the  channel  and  increases  the  affinity  between 
the  individual  connexons,  thus  causing  them  to  pack  more  closely  in 
nearly  hexagonal  arrays  (Peracchia,  1980).  Furthermore,  it  has  been 
demonstrated  el ect rophysi ol ogi cally  that  the  fixation  with  glutaralde- 
hyde  rapidly  uncouples  the  cells  (Bennett  et  a  1  . ,  1972).  Pronounced 
uncoupling  was  noticed  after  30  seconds  of  fixation  and  within  a  few 
minutes  a  stable  high  level  of  uncoupling  was  attained.  These  effects 
remained  unchanged  regardless  of  whether  the  gl utaral dehyde  solution 
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was  prepared  in  cacodyl  ate  buffer  or  phosphate  buffer.  Similar  obser¬ 
vations  have  also  been  made  on  the  crayfish  septate  axons  (Politoff  and 
Pappas,  1972).  The  sensitivity  of  gap  junctional  conductance  and  its 
pH  and  voltage  dependence  to  gl utaral dehyde  fixation  have  been  reported 
recently  and  it  has  been  suggested  that  gl utaral dehyde  changes  the 
junctional  channel,  thereby  reducing  its  conductance,  and  induces 
alterations  at  the  site(s)  at  which  protons  act  to  gate  the  channel 
conductance  (Spray  et  al.,  1981). 

Gl utaral dehyde  is  known  to  alter  the  transport  properties  of 
other  channels  as  well.  In  the  case  of  nervous  transmission,  fixation 
with  cross-linking  aldehydes  (and  notably  with  gl utaral dehyde)  reduces 
the  amplitude  and  increases  the  width  of  the  action  potential  (Shrager 
et  al.,  1969).  It  has  been  speculated  that  aldehyde  fixation  induces  a 
conformational  change  in  the  membrane  protein  involved  in  the  excita¬ 
tion.  A  simple,  passive  blocking  of  the  channel  was  considered  to  be 
unlikely.  Gl utaral dehyde  has  also  been  reported  to  affect  the  Na  and  K 
currents  in  squid  axon  by  reducing  the  peak  inward  current  of  Na, 
partially  or  completely  inhibiting  the  Na-inactivation  and  reducing  the 
K  current  (Horn  et  al.,  1978). 

The  effect  of  gl utaral dehyde  fixation  on  the  frequency  depen¬ 
dent  dielectric  constants  and  loss  factors  and  DC  conductivities  of 
collagen  has  also  been  investigated  (Milch  and  Frisco,  1965).  Glutar- 
aldehyde  treatment  results  in  a  considerable  decrease  in  the  dielectric 
constant,  loss  factor  and  conductivity  of  collagen  in  comparison  to  the 
untreated  controls.  It  appears  that  the  dipoles  in  collagen  that  are 
normally  cree  to  orient  in  the  applied  alternating  electric  field  are 
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"frozen"  in  by  the  chemical  cross-linking  reagents  such  as  glutaralde- 
hyde.  In  all  these  cases  described  above,  gl utaral dehyde  (by  virtue  of 
its  cross-linking  properties)  causes  extensive  conformati onal  change 
upon  fixation.  This  is  further  supported  by  the  observations  that  the 
gl utaral dehyde  fixation  results  in  the  loss  of  secondary  a-helical 
structures  of  membrane  proteins.  As  monitored  by  the  circular  dichro- 
ism  spectra,  the  gl utaral dehyde  fixation  reduces  the  a-helical  content 
of  the  red  blood  cell  membranes  by  as  much  as  22%  (Lennard  and  Singer, 
1968).  Alterations  induced  upon  fixation  with  gl utaral dehyde  have  been 
studied  in  myelin  by  X-ray  diffraction  and  electron  microscopy.  Elec¬ 
tron  density  profiles  computed  from  X-ray  diffraction  patterns  display 
marked  alterations  in  both  packing  and  molecular  structure  of  myelin 
membranes  upon  fixation  with  aldehydes.  At  the  cytoplasmic  boundaries, 
membranes  become  more  closely  apposed  with  an  enhanced  electron  density 
whereas  the  membranes  at  the  external  boundries  manifest  increased 
separation  (Kirschner  and  Hollingshead,  1980).  Based  upon  the  known 
strong  cross-linking  and  denaturing  properties  of  gl utaral dehyde,  it 
appears  likely  that  the  fixative  induced  contraction  of  the  lattice  of 
connexons  (and  uncoupling)  is  a  result  of  some  conformational  changes 
in  the  junctional  proteins.  Probably  the  uncoupling  induced  upon  fixa¬ 
tion  with  gl utaral dehyde  follows  a  different  mechanism  in  comparison  to 
the  uncoupling  action  of  the  classical  uncouplers  such  as  the  concen- 

O  j  i 

trations  of  free  intracellular  Ca  and/or  H  ions  (Peracchia, 

1980).  Treatment  of  mouse  liver  with  such  functional  uncouplers  prior 
to  fixation  causes  the  aggregation  of  connexons  into  almost  crystalline 
two-dimensional  arrays  (Raviola  et  al.,  1980).  It  has  been  suggested 
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that  gl utaral dehyde  fixation  interferes  with  the  propensity  of  the 
uncoupled  junctions  to  crystallize  slowly  into  two-dimensional  crystals 
(Raviola  et  a  1  . ,  1980).  These  authors  have  frozen  the  mouse  livers  at 
4°K  by  employing  a  rapi d-f reezi ng  technique  involving  the  use  of  liquid 
helium  (Heuser  et  al.,  1979).  They  observed  that  the  gap  junctions  in 
the  liver  are  "scarcely  affected"  by  fixatives.  No  difference  has  been 
reported  between  the  fixed  and  unfixed  eye  lens  gap  junctions 
(Peracchia  and  Peracchia,  1980).  Therefore,  it  appears  that  the 
sensitivity  of  gap  junction  structure  to  fixation  with  gl utaral dehyde 
varies  considerably  from  tissue  to  tissue.  The  difference  between  the 
sensitivities  of  liver  and  eye  lens  gap  junctions  is  expected  because 
these  two  gap  junctions  differ  structurally  as  evidenced  by  some  pre¬ 
liminary  observations  on  the  molecular  packing  and  partial  amino-acid 
sequence  (Nicholson  et  al . ,  1980;  Peracchia  and  Peracchia,  1980; 
Robertson  et  al.,  1981). 
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5.  CONCLUSIONS 

Although  the  specific  molecular  details  of  the  structure  and 
mechanism  operative  in  the  process  of  i ntercel 1 ul ar  communication  are 
as  yet  not  resolved,  the  accumulated  evidence  indicates  that  the  gap 
junctions  are  almost  ubiquitous  plasma  membrane  organelles  in  organized 
animal  tissues  specifically  designed  for  intercellular  communication. 
These  gap  junctions  provide  the  hydrophilic  channels  to  allow  ions  and 
small  molecules  to  diffuse  from  cell  to  cell  and  thus  establish  a 
physiological  continuum. 

With  an  overall  objective  to  study  their  high  resolution  three- 
dimensional  structure,  a  method  has  been  developed  to  isolate  the  gap 
junctions  from  mouse  liver  in  which  proteolysis  is  minimized  and  the 
use  of  urea  has  been  eliminated  (urea  is  known  to  denature  proteins). 
The  plasma  membranes  are  solubilized  by  an  anionic  detergent, 
n-dodecanoyl  sarcosine,  in  combination  with  non-ionic  polyoxyethy 1 ene 
alcohol  detergents  (Brij  35  and  58)  and  a  non-ionic  polyoxyethylene 
ether  detergent  (W-l).  Purified  gap  junctions  are  obtained  by 
centrifugation  in  a  sucrose  step-gradient  containing  1-0-n-octy 1  -  a -(D) 
gl ucopyranosi de.  The  gap  junctions  thus  obtained  are  comprised  of 
single  polypeptide  of  a  26,000  Mr  as  determined  by  the  SDS-PAGE.  The 
connexons  in  these  gap  junctions  are  organized  on  a  hexagonal  lattice 
of  lattice  constant  7. 6-8. 4  nm  as  revealed  by  electron  microscopy, 
optical  diffraction  and  X-ray  diffraction  studies. 

The  potential  of  these  purified  gap  junctions  for  the 
elucidation  of  high-resolution  structure  by  employing  low-dose 
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Fourier  transform  electron  imaging  and  diffraction  methods  (Unwin  and 
Henderson,  1975)  is  yet  to  be  explored.  Since  the  isolated  procedure 
provides  high  yields  of  gap  junctions,  attempts  can  be  made  to 
recrystallize  connexons  into  wel  1 -ordered,  extended  two-dimensional 
crystals  suitable  for  high  resolution  structural  analysis.  Such 
crystals  when  available,  would  overcome  the  problem  of  inherent  short 
range  disorder  and/or  high  degree  of  mosaicity  in  the  conventional  pre¬ 
parations  of  gap  jucntions,  that  has  limited  the  currently  attainable 
resolution  to  approximately  1.8  nm  (Zampighi  and  Unwin,  1979).  In 
addition,  the  elucidation  of  the  structure  of  connexons  in  various 
crystal  forms  would  not  only  provide  information  on  how  molecules 
interact  in  different  environment  which  is  of  immediate  relevance  to 
model  building  (Englemann  et  al.,  1980),  but  can  also  be  employed  in 
the  determination  of  accurate  high-resolution  three-dimensional  phases 
by  the  molecular  replacement  method  (Rossmann  and  Henderson,  1982). 

Such  an  approach  has  already  paved  way  to  the  successful  determination 
of  the  projected  structure  of  the  purple  membrane  (in  Hal obacteri urn 
hal obi  urn)  at  0.33  nm  resolution.  The  presence  of  the  hydrophilic 
channel  in  the  connexons  can  be  readily  distinguished  by  employing 
neutron  scattering  in  conjunction  with  isomorphous  contrast  variation 
using  H2O/D2O  exchange  techniques  (Stuhrmann,  1982). 

Gap  junctions  are  considered  to  be  dynamic  structures  suscep¬ 
tible  to  perturbations  in  the  homeostasis.  It  has  been  claimed  that 
the  isolation  procedures  uncouple  the  gap  junctions  as  they  involve  the 
disruption  of  tissues  and  cells  (Peracchia,  1980);  hence  it  has  been 
argued  that  the  structure  of  gap  junction  determined  by  electron 


103 


microscopy  and  X-ray  diffraction  on  the  isolated  gap  junction  fractions 
may  not  represent  an  in  situ  structure  (Peracchia,  1980).  Therefore, 
it  was  considered  desirable  to  study  the  in  situ  structure  of  the  gap 
junctions.  Such  a  study  has  been  made  by  employing  rapid  freezing, 
freeze-etching  and  rotary  shadowing  in  conjunction  with  Markham's 
method  (Markham  et  al . ,  1963)  for  rotational  integration.  The  con- 
nexons  have  emerged  as  having  an  hexameric  sub-unit  organization 
enclosing  a  region  correspondi ng  to  a  part  of  the  putative  axial  hydro¬ 
philic  channel.  Deviations  from  hexameric  symmetry  are  likely  to  be 
due  to  plastic  deformation  and/or  an  uneven  fracture  plane.  It  is 
obvious  that  the  radially  symmetrical  contrast  produced  by  rotary 
shadowing  in  conjunction  with  rapid  freezing  is  capable  of  resolving 
individual  sub-units  of  connexons  and  the  putative  hydrophilic  channel. 
Such  an  approach  in  conjunction  with  physiological  experiments  should 
find  applications  in  providing  structural  correlates  of  the  gap  junc¬ 
tional  channels  in  situ. 

In  the  past,  structural  changes  in  the  gap  junctions,  induced 
upon  uncoupling  treatments,  have  been  studied  by  f reeze-f racturi ng 
technique  involving  chemical  fixation  with  gl utaral dehyde  and  cryopro- 
tective  treatment  with  glycerol.  However,  fixation  with  gl utaral dehyde 
is  known  to  readily  abolish  the  coupling  as  first  pointed  out  by 
electrophysiologists.  Therefore,  the  structural  changes  induced  upon 
fixation  with  gl utaral dehyde  have  been  elaborated  by  employing  rapid 
freezing  without  prior  cryoprotecti on.  It  appears  as  if  fixation  with 
gl utaral dehyde  induces  the  connexons  to  pack  tightly,  as  the  average 
i nterconnexon  spacing  decreases  from  10  nm  to  9  nm.  In  light  of 
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the  well-known  cross-linking  and  denaturing  properties  of  glutaralde- 
hyde-f i xati on  induced  uncoupling  presumably  follows  a  different  path 
than  functional,  reversible  uncoupling  action  of  classical  uncouplers, 
such  as  the  concentrations  of  free  Ca^+  and/or  H+  ions  in  the 
cytopl asm. 

In  summary,  a  new  procedure  that  aims  at  minimizing  proteolysis 
has  been  developed  to  isolate  gap  junctions  from  mouse  liver.  This 
method  involves  use  of  some  of  the  detergents  hitherto  not  used  for  the 
isolation  of  gap  junctions.  The  gap  junctions  thus  obtained  are  com¬ 
prised  of  a  single  polypeptide  of  26,000  Mr  as  established  by  SDS-PAGE. 
Packing  of  connexons  in  these  junctions  has  been  determined  by  electron 
microscopy  (involving  optical  diffraction)  and  X-ray  diffraction.  The 
connexons  are  arranged  on  a  hexagonal  lattice  with  a  lattice  constant 
of  approximately  7. 6-8. 4  nm.  The  hexameric  sub-unit  structure  of  these 
connexons  in  situ  has  been  confirmed  by  rapid  freezing  coupled  with 
f reeze-f racturi ng,  rotary  shadowing  and  Markham's  rotational  filtering 
technique  for  contrast  enhancement.  These  sub-units  line-up  to  enclose 
the  putative  aqueous  channel.  The  structural  correlates  of  glutaralde- 
hyde-induced  uncoupling  have  been  studied  and  such  a  fixation  results 
in  the  close-packing  of  connexons. 


■ '  ''  i  -  ■ 
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7.  APPENDIX  A 


7.1  On  the  Solubilization  of  Integral  Membrane  Proteins 

Except  for  a  notable  few,  most  of  the  integral  membrane  pro¬ 
teins  have  thus  far  resisted  attempts  at  thorough  purification  and 
characterization.  This  slow  pace  of  progress  in  this  particular  field 
has  largely  been  a  consequence  of  the  specialized  molecular  features  of 
these  integral  membrane  proteins  which  have  proven  difficult  to  isolate 
and  characterize  by  employing  methods  that  have  proven  so  successful  in 
the  case  of  the  water  soluble  proteins  (Tanner,  1979;  Maddy  and  Dunn, 
1976).  In  the  integral  membrane  proteins,  predominantly  hydrophobic 
surfaces  are  in  contact  with  the  hydrocarbon  regions  of  the  lipid 
bilayer,  whereas  the  hydrophilic  surfaces  are  exposed  to  the  aqueous 
medium  (Tanford,  1980).  The  other  variants  are  also  possible  for 
example  an  integral  membrane  protein  may  be  totally  or  partially 
immersed  in  the  hydrophobic  region  of  lipid  bilayer  (Folch-Pi  and 
Stoffyn,  1972;  Spatz  and  Stri ttmatter,  1971).  Because  of  the 
amphiphilic  nature  of  integral  membrane  proteins,  their  isolation  and 
subsequent  purification  is  fraught  with  problems.  Since  their 
hydrophobic  regions  are  intimately  associated  with  the  alkyl  chains  of 
lipid  bi layer  by  virtue  of  the  hydrophobic  effect  and  the  polar  regions 
may  be  associated  with  the  lipid  headgroups  (in  addition  to  being 
exposed  to  the  aqueous  environments),  they  would  require  such  prefer¬ 
ential  interactions  upon  separation  from  the  phospholipid  bi layer. 

Such  an  environment  can  not  be  provided  by  either  aqueous  or  organic 


solvents  alone. 
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So  the  problem  here  is  that  of  simulating  the  native  environ¬ 
ment  of  an  integral  membrane  protein  as  an  amphiphilic  environment  is 
required  having  a  liquid  hydrocarbon  region  of  comparable  dimensions 
bounded  by  polar  environment  (Tanford  and  Reynolds,  1976).  The  word 
detergent  refers  to  a  special  class  of  lipids  with  amphiphilic  mole¬ 
cules  having  a  single  alkyl  chain  linked  to  a  polar  head  group  and 
organize  into  oblate  ellipsoidal  micelles  in  aqueous  solution  (Tanford, 
1974).  In  solution,  their  apolar  moeities  disrupt  the  interaction 
amongst  the  water  molecules  with  very  little  compensating  attraction 
between  the  hydrocarbon  regions  (apolar)  and  water  molecules.  Conse¬ 
quently  water  molecules  nearest  to  these  hydrocarbon  regions  are 
coerced  into  networks  forming  polyhedral  cage  like  cavities  attempting 
to  enclose  the  solute  hydrocarbon.  This  may  not  entail  any  breaking  of 
hydrogen  bonds,  as  the  bond  distortions  (Pople,  1951;  Bernal,  1964) 
themselves  can  produce  the  accommodati ng  effect  (Tanford,  1980).  There 
is  a  concomitant  reduction  in  the  internal  mobility  of  hydrocarbon 
chains  (Arnow,  1963).  This  causes  an  entropy  loss  and  hence  the  pheno¬ 
menon  is  rendered  thermodynami cal ly  unfavourable.  According  to  the 
available  experimental  evidence  the  molar  free  energy  for  the  transfer 
of  hydrocarbons  from  pure  liquid  hydrocarbons  to  aqueous  solution 
(which  reflects  their  innate  hydrophobicity)  is  approximately  linearly 
related  to  the  hydrocarbon  surface  area  (Hermann,  1972;  Reynolds  et 
al.,  1974).  [The  area  is  measured  at  .l5nm di stance  from  the  hydrocar¬ 
bon  surface.  This  is  the  closest  distance  that  the  centers  of  water 
molecules  can  get  to  the  hydrocarbon  surface.]  Obviously  the  amphi- 
philes  with  large  apolar  groups  are  going  to  be  more  hydrophobic  too. 


. 
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Similarly,  amphiphiles  with  large  polar  groups  would  be  more  hydro¬ 
philic. 

The  phospholipids  (di acyl phosphol i pi ds )  of  the  membranes  differ 
a  great  deal  from  the  soluble  amphiphiles  (which  include  the  detergents 
used  for  membrane  protein  solubilization)  in  possessing  a  less  hydro¬ 
philic  nature  which  is  reflected  by  a  low  value  of  hydrophi le-lipophile 
balance  (Griffin,  1949),  whereas  the  detergents  employed  in  membrane 
solubilization  usually  have  a  high  monomer  solubility  in  water. 

Usually  when  a  small  amount  of  an  amphiphile  is  dissolved  in  water,  a 
part  of  it  stays  in  the  solution  in  the  form  of  free  monomers  in  equi¬ 
librium  with  the  other  part  which  form  a  monolayer  at  the  air/water 
interface.  However,  if  the  monomer  concentration  rises  up  to  a  criti¬ 
cal  concentration,  added  amphiphiles  associate  to  form  thermodynamic¬ 
ally  stable  colloidal  aggregates  called  micelles  (Helenius  and  Simons, 
1975).  This  narrow  range  of  critical  concentration  of  amphiphiles  is 
known  as  the  critical  miceller  concentration.  Yet  another  detergent 
property  which  is  of  interest  in  the  solubilization  of  integral  mem¬ 
brane  proteins  is  the  aggregation  number  which  represents  the  average 
number  of  amphiphile  molecules  per  micelle  (Helenius  and  Simons,  1975; 
Tanford,  1980).  It  has  been  suggested  that  the  detergents  act  upon  the 
membranes  in  three  steps  (Helenius  and  Simons,  1975).  Initially, 
detergent  interacts  with  and  gets  incorporated  into  the  phospholipid 
bilayer,  at  low  concentrations.  As  the  detergent  concentration 
increases,  bilayers  saturate  with  the  detergent  leading  to  the  creation 
of  the  mixed  micells  of  detergents  and  phospholipids.  After  the  com¬ 
pletion  of  mi  cel  1 eri zati on ,  the  detergent  content  of  the  micelles 
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increases  selectively.  Concomitantly  their  size  reduces  to  a  minimum 
limiting  value  (Helenius  and  Simons,  1975).  If  the  detergent  concen¬ 
tration  is  raised  any  further,  pure  detergent  micelles  are  formed  which 
exist  in  equilibrium  with  the  mixed  micelles.  In  this  respect  it  is  of 
interest  to  note  that  the  effect  of  lyotropic  detergents  may  exert  a 
pressure  for  increasing  curvature  in  the  bilayer  on  account  of  their 
"wedge"  shape  like  structure  (Haydon  and  Taylor,  1963)  and  may  thus 
result  in  the  generation  of  smaller  mixed  micelles.  Whereas  bile  salts 
may  "chop  up  the  bilayers"  into  disc-like  fragments  with  bile  salt 
molecules  lining  up  on  the  hydrophobic  edges  (Helenius  and  Simons, 
1975). 

Obviously  if  a  protein  is  to  be  maintained  in  its  optimal  state 
it  would  have  to  have  a  substantial  number  of  detergent  molecules 
surrounding  the  hydrophobic  part  of  the  protein  and  thus  simulating  the 
environment  of  the  bi layer  core.  The  choice  of  the  detergent,  there¬ 
fore  would  be  influenced  by  the  normal  micelle  sizes.  It  is  known  that 
the  long  hydrocarbon  chain  amphiphiles  form  disc-shaped  micelles. 

Since  the  thickness  of  the  hydrophobic  region  is  governed  by  the  hydro¬ 
carbon  chain  length,  it  is  evident  that  the  detergents  with  C^g 
and  C]_8  hydrocarbon  alkyl  chains  will  be  able  to  most  closely 
reproduce  the  hydrophobic  environment  of  the  membrane  (Helenius  and 
Simons,  1975). 

Since  the  hydrocarbon  cores  of  the  micelles  of  lipid  bilayers 
are  fluid  in  nature,  the  dimensions  of  chain  lengths  required  for  main¬ 
taining  the  optimal  protein  structure  could  be  easily  distorted  by  the 
very  presence  of  the  protein.  The  dimensions  of  the  proteins  hydro- 
phobic  surface  would  also  become  an  important  factor  in  governing  the 


extent  of  distortion. 
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In  some  cases  it  has  been  observed  that  if  the  detergent  does 
not  strip  away  the  phospholipids  intimately  associated  with  the  pro¬ 
teins  and  instead  it  undergoes  hydrophobic  binding  with  them,  the 
isolated  soluble  complex  (of  proteins,  phospholipids  and  detergent) 
retains  its  biological  activity  regardless  of  the  nature  of  the  deter¬ 
gents  employed,  even  if  they  resembled  phospholipids  only  distantly 
(Tanford  and  Reynolds,  1976).  Detergents  are  generally  classified  into 
three  types,  which  vary  in  their  action  on  the  membrane  proteins, 
namely;  (i)  nonionic  detergents,  (ii)  ionic  detergents  and  (iii)  bile 
salts  (reviewed  in  detail  by  Helenius  and  Simon,  1975;  Tanford  and 
Reynolds,  1976;  Tanner,  1979).  The  nonionic  detergents  are  the  mildest 
types  and  they  do  not  bind  to  soluble  proteins  unless  they  have  a 
hydrophobic  surface.  Ionic  detergents  undergo  massive  cooperative 
binding  with  the  soluble  proteins,  resulting  in  the  protein  denatura- 
tion.  Bile  salts  are  closer  to  nonionic  detergent  in  their  action  on 
the  soluble  proteins  which  are  usually  not  denatured.  In  case  of  the 
oligomeric  proteins,  the  protei n-protei n  interactions  are  often 
retained  intact  with  bile  salts  (Tanner,  1979). 

Detergent  bind  to  the  integral  membrane  proteins  by  incorpor¬ 
ating  them  into  micelles  (Tanford  and  Reynolds,  1976),  where  the  hydro- 
phobic  region  of  a  protein  is  intercalated  into  the  hydrophobic 
interior  of  a  micelle.  Non-ionic  detergents  would  not  bind  to  the 
hydrophilic  regions  of  the  proteins  exposed  to  the  aqueous  environment. 
However,  the  ionic  detergents  would  undergo  strong  coopertaive  binding 
with  these  regions,  and  thus  induce  local  protein  denaturati ons.  Bile 
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salts  appear  to  behave  more  like  non-ionic  detergents  in  solubilization 
of  the  integral  membrane  proteins  (Spatz  and  St ri ttmatter ,  1971). 

Nevertheless  it  must  be  clear  that  no  detergent  is  entirely 
capable  of  simulating  the  environment  present  in  the  biomembranes,  and 
in  some  cases  loss  of  biological  activity  has  been  reported  with  bile 
salts  and  even  nonionic  detergents  (Medzi hradsky  et  al.,  1967). 
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8.  APPENDIX  -  B 

8.1  Theoretical  Basis  of  the  Determination  of  Molecular  Weight  by 

SDS-Page 

Interaction  of  SDS  and  Proteins 

The  potent  solubilizing  action  of  SDS  on  membrane  proteins  and 
proteins  in  general  stem  from  its  ability  to  dissociate  proteins  into 
constituent  polypeptides  and  protein-lipid  complexes  into  proteins  and 
lipids.  Therefore  the  molecular  weight  dependent  separation  of  poly¬ 
peptide  chains  is  easily  achieved  by  running  polyacrylamide  gel  elec¬ 
trophoresis  in  the  presence  of  SDS.  It  is  the  free  monomeric  concen¬ 
tration  of  detergent  that  governs  the  amount  of  detergent  bound  to  the 
protein.  The  association  of  anionic  long-chain  amphiphiles  like  SDS 
with  proteins  has  a  great  affinity  (and  results  in  increased  binding) 
than  of  cationic  and  non-ionic  detergents  and  bile  salts.  SDS  under¬ 
goes  massive  cooperative  binding  with  virtually  all  the  proteins, 
accompanied  by  drastic  changes  in  optical  and  hydrodynamic  characteris¬ 
tics  reflecting  major  conformational  changes  (Reynold  and  Tanford,  1970 
b).  It  has  been  established  that  the  maximum  amount  of  SDS  that  is 
bound  per  gram  of  protein  is  nearly  the  same  for  all  of  them  (Reynolds 
and  Tanford,  1970  a,b).  Detergent  binding  to  these  proteins  (without 
disulfide  bonds  or  with  disulfide  bonds  reduced  when  present  in  the 
native  state)  results  in  actually  two  types  of  the  complex,  one 
consisting  of  0.4  gm  dodecy 1 sul phate  per  gm  protein  (one  amphiphile 
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per  seven  amino  acid  residues),  and  the  other  having  1.4  gm  dodecylsul- 
phate  per  gm  protein  (one  amphiphile  per  two  amino  acid  residues).  The 
transition  between  the  two  forms  occurs  at  6  to  7  x  10-4M  dodecyl- 
sulphate  at  25°C,  pH  5.6  to  7.2  with  only  slight  dependence  on  the 
ionic  strength  (Reynolds  and  Tanford,  1970  a).  All  proteins  are  dis¬ 
sociated  into  the  constituent  polypeptide  chains  and  each  SDS-polypep- 
tide  complex  assumes  the  shape  of  an  extended  rod  (prolate  ellipsoid) 
particle  with  constant  short  axis  of  the  order  of  1  nmond  the  long  axis 
varying  in  length  with  the  molecular  weight  (Reynolds  and  Tanford,  1970 
b).  This  particle  may  have  short  rod-like  segments  with  some  flexible 
intervening  regions  (Rowe  and  Steinnardt,  1976).  The  protein  is  in  a 
form  of  a  denatured  state  which  displays  a  substantial  fraction  of 
polypeptide  chains  in  an  a-helical  organization.  It  is  comprised  of 
several  lengths  of  helical  polypeptide  chains  intervened  with  flexible 
joints.  This  disposition  facilitates  the  exposure  and  subsequent 
association  of  most  of  the  hydrophobic  side  chains  to  a  large  number  of 
hydrophobic  ligands  per  molecule.  The  gain  in  free  energy  achieved  by 
the  binding  of  hydrophobic  ligands  with  the  hydrophobic  groups  may  be 
significantly  greater  than  the  unfavourable  free  energy  change 
associated  with  the  accompanying  conformati onal  change,  and  therefore 
the  transition  to  the  altered  conformational  state  would  be  favourably 
induced  by  the  binding  of  the  ligand  (Tanford,  1968).  Very  similar 
complexes  are  formed  in  the  case  of  proteins  with  intact  disulphide 
bridges,  restricted  only  by  the  steric  limitations  posed  by  the 
disulphide  bridges.  However,  the  detergent  binding  is  slightly  reduced 
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and  consequently  the  resulting  complex  is  not  linearly  as  extended 
(Fish  et  al . ,  1970) . 

The  extent  of  association  between  the  dodecyl -sul phate  and 
proteins  depends  on  the  molecular  weight  of  proteins.  Since  in  these 
complexes  the  effect  of  native  protein  charges  is  swamped  by  the  SDS 
charge,  therefore  all  the  protein  complexes  would  have  a  uniform 
charge:  mass  ratio.  The  mobility  of  polypeptides  on  the  gel  would  be 
governed  by  both,  the  molecular  charge,  and  the  sieving  through  the  gel 
pores.  Since  these  complexes  are  of  uniform  shape  (rod-like),  they 
would  separate  in  gel  el ectrophoresi s  strictly  on  the  basis  of  molecu¬ 
lar  weight.  However,  even  for  water  soluble  proteins,  the  binding  of 
the  detergent  is  slightly  governed  by  the  amino  acid  composition  of  the 
protein.  It  appears  that  the  basic  proteins  undergo  slightly  more 
binding  with  the  detergent  in  comparison  to  the  acidic  proteins. 
Therefore  the  apparent  molecular  weights  derived  by  measuring  electro¬ 
phoretic  mobilities  should  be  regarded  more  appropri ately  as  only 
approximates . 

Electrophoretic  Mobility 

If  a  particle  in  a  fluid  with  a  net  charge  is  subjected  to  the 
influence  of  an  applied  electric  field,  the  particle  will  be  induced  to 
move  under  the  electric  force  exerted  on  it.  This  force  is  a  function 
of  both  the  strength  of  the  field  E  and  the  charge  on  the  particle  q 
and  is  given  by 


Fel  =  qE 


(1) 
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However  as  the  particle  moves,  the  surrounding  fluid  medium  would  apply 
a  frictional  retarding  force  on  it.  This  force  would  be  governed  by 
the  fluid  and  the  geometry  of  the  particle  in  question.  But  in  general 
it  is  usually  presumed  that  the  frictional  force  is  proportional  to  the 
particle's  velocity  or 

Fir  =  fV  .........  (2) 

where  f  denotes  a  constant  of  proporti onal i ty  called  the  frictional 
coefficient.  The  particle  will  accelerate,  but  only  for  a  short  dura¬ 
tion  when  the  electric  potential  is  first  applied.  It  will  rapidly 
attain  an  equilibrium  velocity  where  the  driving  electrical  force 
becomes  equal  to  the  retarding  frictional  force  because  at  equilibrium 
Newton's  second  law  of  motion  states  the  sum  of  forces  acting  on  a  body 
in  equilibrium  add  up  to  zero  (Gabler,  1978).  Since  the  motion  is 
always  counteracted  by  frictional  forces,  the  two  forces  can  be 
equated.  At  equilibrium  we  have, 


*V=  qE  .  (3) 

or 

m=  y  =  q  .  (4) 


E  f 

where  the  ratio  V  represents  the  electrophoretic  mobility,  defined  as 

E 

particles  velocity  per  unit  field.  Indeed  it  is  a  physical  parameter 
representati ve  of  a  molecule  under  the  conditions  in  which  it  was 
evaluated.  It  is  a  function  of  the  molecule's  charge  and  also  of  its 
geometric  configuration  as  different  shapes  would  cause  different 
frictional  drags.  The  net  charge,  however,  is  dependent  on  the  pH,  and 
possibly  on  the  temperature  and  the  solvent  too. 
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In  case  of  a  sherical  particle,  it  can  be  demonstrated  that  f  = 
6tt 77^  r  (5)  where  is  the  viscosity  of  the  solvent  and  r 
corresponds  to  the  radius  of  the  sphere.  For  other  geometries,  the 
frictional  coefficient  can  be  similarly  derived,  but  it  is 
mathematically  less  tractable.  It  is  evident  from  the  definition  of 
mobility  that  its  units  are  square  centimeters  per  volt  second.  For 
typical  globular  proteins  M  usually  range  between  0.1  x  10"4  and 
1.0  x  10"4  cm^/Vsec;  whereas  for  small  univalent  ions  M  takes 
on  the  values  around  6  x  10"4  cm^/Vsec. 

The  above  described  simplified  account  of  electrophoretic 
mobility  permits  one  to  gain  a  broad  understanding  of  those  factors 
that  may  influence  it.  However  it  can  not  be  employed  for  any  detailed 
analysis  because  a  number  of  problems  crop  up.  The  effect  of 
counterion  layer  surrounding  the  particle  (that  attenuates  the  applied 
field  at  the  charged  particle)  and  its  distortion  due  to  shear  when  the 
particle  moves  through  the  fluid  under  the  influence  of  the  applied 
field  have  not  been  accounted  for. 

Estimation  of  molecular  weight 

Based  upon  studies  with  native  proteins  on  starch  and  poly¬ 
acrylamide  gels  (Ferguson,  1964;  Hendrick  and  Smith,  1968)  in  buffer 
solutions,  it  has  been  demonstrated  that  molecular  weights  of  proteins 
can  be  measured  if  relative  mobalities  (hir)  are  available  at  several 
gel  concentrations.  The  relationship  between  the  relative  mobility 
itir  and  molecular  weight  is  described  by  the  Ferguson  equation. 
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Log  mR  =  -KrC  +  Log  m0  .  (6) 

where  mR  is  the  relative  mobility  at  gel  concentration  C,  m0  is  the 
relative  mobility  at  zero  gel  concentration  ("apparent  free  relative 
mobility")  and  Kr  is  the  "retardation  coefficient'.  Kr  is  governed 
by  the  degree  of  cross-linking  in  the  gel  system,  the  shape  of  the 
molecules  and  their  molecular  weights  (Weber  and  Osborn,  1975).  That 
several  proteins  can  be  treated  by  such  an  approach  was  first  demon¬ 
strated  by  Hendrick  and  Smith  (1968).  They  have  outlined  a  simple 
approach  for  the  estimation  of  molecular  weights  of  globular  proteins 
on  polyarcyl ami de  gels.  Plotting  the  logmR  values  of  standard  pro¬ 
teins  against  the  various  known  gel  concentrations  gave  straight  lines 
with  slopes  of  -Kr  ("Ferguson  plots";  Ferguson,  1964).  Replotting 
Kr  values  against  the  molecular  weight  yielded  linear  relationship 
which  could  be  exploited  to  obtain  the  molecular  weights  of  the  unknown 
proteins.  The  "apparent  free  mobility",  m0,  is  dependendent  upon  the 
protein  and  on  its  inherent  charge,  shape,  and  size.  A  plot  of  elec¬ 
trophoretic  mobilities  of  various  proteins  against  the  gel  concen¬ 
tration  (Ferguson  plot)  reveals  that  all  the  straight  lines  in  the  plot 
intersect  at  approximately  the  same  value  for  zero  gel  concentra¬ 
tion  (Neville,  1971).  The  fact  that  m0  occupies  a  nearly  constant 
value  in  the  SDS  system  is  demonstrati ve  of  a  linear  relationship 
between  Log  mR  and  Kr,  empirically  established  (Shapiro  et  al., 

1967;  Weber  and  Osborn,  1969)  at  any  given  gel  concent  rati  on.  There¬ 
fore,  if  the  shape  factor  and  degree  of  cross-linking  can  be  considered 
as  constants.  Log  mR  is  a  linear  function  of  molecular  weight.  In 
Ferguson  plots,  there  is  however  a  small  variation  in  the  value  of  m0 
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that  is  greater  than  can  be  accounted  for  due  to  experimental  error 
(Neville,  1971).  The  source  of  this  variation  lies  with  the  individual 
characters  of  protein  species.  For  example,  glycoproteins  that  behave 
atypical ly  on  the  Ferguson  plots  can  be  readily  diagnosed. 


